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ranging  down  to  -175®C  for  Pbl£7  These  properties  are  needed  In  order  to 
evaluate  the  potential  application  of  each  material  as  an  absorption-edge- 
modulated  transducer  for  thermal  imaging.  ' " 

Highly  oriented  polycrystalline  filmsof  Pbl2  are  obtained  with  a substrate 
temperature  of  150°C  during  film  growth.  Lower  substrate  temperatures  yield 
Pbl2  films  of  lower  apparent  density  and  a lower  degree  of  crystallite  ori- 
entation. Parylene  films  used  as  substrates  sag  during  depositions  at  elevated 
temperatures.  Therefore,  a Pbl2-parylene  transducer  grown  at  150°C  substrate 
temperature  will  need  to  be  re-mounted  onto  a smaller  support  ring  in  order  to 
obtain  a taut  transducer  film.  Optical  transmission  data  Is  presented  for 
several  Pbl2-glass  and  Pbl2-parylene  samples,  including  high-resolution  scans 
across  the  absorption  edge  of  Pbl2  at  various  tempratures.  The  complex  Index 
of  refractive  Is  given  as  a function  of  wavelength. 

Films  of  Hgl2  were  deposited  onto  glass  substrates.  The  Hgl2  was  found 
to  be  reactive  with  metals  and  evaporated  rapidly  In  a vacuum  at  room  temper- 
ature. Because  of  this  latter  property,  physical  measurements  could  not  be 
carried  out  in  vacuum.  Optical  transmission  measurements  were  made  between 
0°C  and  50°C  in  an  unevacuated  dewar.  Thermal  properties  could  not  be  meas- 
ured because  the  Hgl2  films  could  not  be  thermally  isolated  in  vacuum. 

Several  encapsulation  methods  were  attempted,  but  further  development  of  an 
encapsulating  overlayer  is  required  before  Hgl2  films  can  be  used  as  absorption- 
edge  modulators  for  thermal  imaging. 

The  thermographic  measurements  are  the  first  known  contactless  measure- 
ments of  thermal  properties  of  thin,  rim-supported  films.  The  theory  for  the 
steady-state  and  transient  temperature  profiles  has  been  developed  assuming  a 
uniformly  distributed  heat  source.  This  theory  must  be  modified  to  include 
the  Gaussian  transverse  distribution  of  the  laser  beam  used  to  heat  the  films, 
in  order  to  reduce  the  data  further  and  obtain  the  thermal  properties  of  the 
Pbl2  films.  Thermal  time  constants  as  short  as  20  ms  were  measured  for  0.2u 
thick  parylene  substrates  covered  by  a 0.2y  thick  Pbl2  film. 
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1.  INTRODUCTION 

Heavy-metal  halides  such  as  Pbl2  and  Hg I2  exhibit  a strongly  tempera- 
ture dependent  absorption  edge  at  visible  frequencies.  The  shift  in  the 

absorption  edge  with  temperature  can  be  used  to  convert  an  infrared  image 

1 2 

of  a thermal  source  into  a visible  image.  * This  type  of  image  converter, 
or  "absorption-edge  modulator,"  may  offer  considerable  advantages  as  an 
Infrared-to-vlsible  transducer  for  forward-looking  infrared  imaging  applica- 
tions. The  transducer  design  is  relatively  simple,  consisting  of  a thin 
film  of  thermo-optically  sensitive  material  supported  by  an  appropriate  thin 
substrate.  The  sensitivity,  resolution,  and  response  speed  of  the  transducer 
depend  upon  the  strength  with  which  the  absorption  edge  shifts  with  tempera- 
ture, as  well  as  the  thermal  conductivity,  specific  heat,  and  heat  diffusi- 
vity  of  the  materials,  and  the  thinness  of  the  transducer  and  supporting 
film.1-5 

In  operation,  the  infrared  image  of  a thermal  source  is  focused  upon 
a film  of  thermo-optic  material.  Absorption  of  the  infrared  radiation 
generates  a temperature  distribution  across  the  film  which  closely  matches 
the  intensity  distribution  in  the  infrared  image.  The  temperature  change  at 
a particular  point  causes  a corresponding,  localized  change  in  some  physical 
property  of  the  transducer  material.  This  change  is  monitored  at  visible 
frequencies;  for  example,  as  a change  in  the  transmittivity  or  reflectivity 
for  monochromatic,  visible  light,  or  as  a change  in  the  photoluminescence 
or  the  electron-injection  luminescence  output.  When  a film  of  thermo-optic 
material  is  illuminated  by  an  infrared  image  and  simultaneously  flooded  with 
monochromatic  light  at  an  absorption  edge  frequency,  the  infrared  image  is 
then  replicated  in  the  visible  light  transmitted  through  or  reflected  from 
the  transducer  film. 

The  temperature  distribution  induced  by  absorption  of  the  infrared 
image  replicates  the  infrared  image  faithfully  for  only  a limited  time, 
until  lateral  heat  diffusion  begins  to  smear  out  the  temperature  distribution.  In 
steady-state  operation  the  amount  of  smearing  depends  upon  the  lateral 
thermal  resistance,  which  is  governed  by  the  thermal  conductivity  and  the 
film  thickness.  There  are  two  approaches  for  maintaining  high  spatial  reso- 
lution. One  approach  is  to  chop  the  incoming  infrared  beam  and  sample  with 
the  visible  beam  at  a time  when  the  localized  temperature  variations  have 
built  up  to  maximum  resolution  and  before  significant  lateral  heat  diffusion 
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can  occur.  The  second  approach  is  to  make  the  transducer  and  supporting 
films  sufficiently  thin  and  the  thermal  conductivity  and  heat  diffusivity 
sufficiently  small  that  the  resistance  to  lateral  heat  conduction  is  large. 
For  practical  materials,  a total  transducer  thickness  of  less  than  0.5y 
is  required  in  order  to  obtain  a thermal  response  time  approaching  0.1 
millisecond  for  a resolution  element  of  0.1  mm. 

In  this  program,  we  address  the  feasibility  of  fabricating  such  thin 
transducers,  about  0.2y  thick,  with  Pb^  and  Hgl^  as  the  thermo-optic  films. 
The  thermal  properties  of  the  transducer  films  are  measured,  as  well  as  the 
dependence  of  the  absorption  edge  upon  temperature.  The  thermal  and  optical 
properties  reported  herein  form  a data  base  for  optimizing  the  design  of  an 
infrared-to-visible  transducer  which  employs  these  materials. 

1.1.  Objectives 

The  purpose  of  this  program  is  to  fabricate  thin  Pb^  and  Hg^  films 
on  thin  substrates,  and  to  measure  their  thermal  and  optical  properties  which 
are  important  in  the  operation  of  the  films  as  infrared-to-visible  image 
transducers.  The  films  are  vacuum- deposited  layers  of  Pbl^  and  Hg^,  0 .2u 
thick,  having  a clear  aperture  of  one  inch  diameter.  Substrates  are  0.2y 
thick  parylene  membranes  for  the  Pbl^  films  and  18y  thick  pyrex  glass  for 
the  Hgl^  films.  X-ray,  electron  microscope  and  electron  diffraction  measure- 
ments are  made  to  determine  the  crystal  structure,  polytype,  uniformity, 
crystallite  size  and  degree  of  crystallite  orientation;  and  these  results 
are  in  turn  used  to  optimize  the  deposition  parameters  to  produce  highly 
oriented  polycrystalline  films  of  good  optical  quality.  Thermal  properties 
measured  include  the  thermal  conductivity  and  heat  diffusivity  of  the  film 
material.  The  specific  heat  is  calculated  from  these  parameters  and  the 
mass  density  of  the  materials. 

The  optical  transmission  of  the  films  is  measured  from  900nm  to  400nm, 
and  with  high  resolution  across  the  absorption  edge,  in  order  to  determine 
the  temperature  dependence  of  the  absorption  edge  between  0°C  and  50°C.  The 
complex  index  of  refraction  is  determined  as  a function  of  frequency  over 
this  range  of  temperatures. 
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1.2  Technical  Background 

Lead  iodide  (Pbl2)  commonly  occurs  as  crystalline  polytype  2H  with 
hexagonal  space  group  symmetry  P3ml  at  room  temperature.  At  temperatures 
above  150°C  several  other  polytypes  may  form.®’^  The  polytype  affects  the 
detailed  optical  properties  of  the  absorption  edge.  At  4.5°K  the  strong 
exciton  absorption  peak  in  the  fundamental  absorption  edge  is  0.010  eV  lower 

O 

for  the  2H  polytype  than  for  the  4H  polytype.  Pbl2  films  vacuum-evaporated 
onto  amorphous  substrates  are  highly  oriented,  with  the  crystall ites'  c axes 

g 

perpendicular  to  the  plane  of  the  film;  The  absorption  edge  at  about 

0.52y  (2.36 eV)  shifts  toward  longer  wavelengths  with  hiqher  temperatures  at 

a rate  of  -0.54  meV/°K  for  single  crystals  and  -0.16  meV/°K  for  evaporated 
9 10 

films.’  There  are  two  primary  contributions  to  the  strong  thermal 

shift  of  the  absorption  edge;  namely,  broadening  of  energy  levels  by  lattice 

g 

vibrations,  and  dilatation  of  the  crystal.  Lattice  vibrations  always  cause 

the  absorption  edge  to  shift  toward  longer  wavelengths  with  increasing 

temperature]1  The  dilatation  mechanism  may  shift  the  edge  in  either  direction, 

9 11 

depending  upon  the  detailed  energy  band  structure  for  the  crystal.  ’ For 

Pbl,  it  is  believed  that  the  two  contributions  oppose  in  sign,  but  the  con- 

c 9 12 

tribution  from  lattice  vibrations  dominates.  A strong  exciton  transition 

which  appears  in  the  absorption  edge  is  also  strongly  temperature  dependent, 

13-17 

both  in  strength  and  wavelength  position.  A number  of  the  above 

referenced  investigations  have  reported  measurements  of  the  refractive  index 

and  its  dispersion,  and  a comparison  of  the  results  has  been  reported  which 

18 

resolves  the  discrepancies  apparent  in  earlier  work.  The  photodecomposition 

9-23 

of  Pbl2  has  been  studied  extensively. 

Mercuric  iodide  (Hgl2 ) occurs  at  room  temperature  as  a red,  tetragonal 
(a-phase)  crystal  belonging  to  space  group  P42/nmc,  and  above  the  phase  tran- 
sition temperature  of  127°C  as  a yellow,  orthorhombic  (B-phase)  crystal  of 
symmetry  Bbmm?4’26  A crystal  which  has  passed  through  the  phase  transition 

exhibits  poor  crystalline  quality,  making  it  desirable  to  carry  out  crystal 

25 

growth  below  the  transition  temperature.  Vapor  transport  has  been  used  to 

27-30  31 

grow  single  crystals  and  polycrystalline  films  below  127°C.  The  growth 
habit  of  Hgl2  along  the  c axis  should  produce  oriented  films  on  amorphous 
substrates,  with  the  c axis  normal  to  the  substrate  surface.  Films  of  Hgl2 

have  been  observed  to  be  unstable  in  vacuum,  with  evaporation  loss  of  I- 

32  c 

attributed  to  the  low  vapor  pressure  of  Hgl2>  The  absorption  edge  of 

rapidly-quenched,  yellow  Hgl 2 exhibits  the  strongest  frequency  shift  with 

temperature  of  any  known  solid,  amounting  to  -2.4  meV/°K  between  100°K  and 
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400°K?^’^  Exciton  absorption  structure  in  Hg^  is  very  weak,  particularly 

for  the  optical  electric  field  perpendicular  to  the  t axis,  and  the  fundamental 

33,34 

edge  dominates  the  absorption  curves  at  room  temperature. 

The  physical  properties  of  Pb^  and  Hg^  which  are  of  interest  in  this 
program  are  summarized  in  Table  1.2-1. 
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2.  EXPERIMENTAL  PROCEDURES  AND  RESULTS 
2.1.  Summary  of  Procedures  and  Results 

Films  of  Pblp  have  been  vacuum  deposited  on  both  glass  and  thin  polymer 

* m £ 

substrates,  including  0.2y  parylene  and  0.05y  thick  nitrocellulose  substrates. 
Deposition  parameters  were  optimized  to  produce  highly  oriented  polycrystal- 
Mne  films  of  good  optical  quality.  Films  0.2y  in  thickness  were  charac- 
terized optically  and  by  X-ray,  electron  microscope,  and  electron  beam  measure- 
ments. The  temperature  dependence  of  the  absorption  edge  was  determined  by 
optical  transmission  measurements  for  temperatures  between  -175°C  and  50°C. 

The  complex  index  of  refraction  was  calculated  as  a function  of  frequency 
for  temperatures  between  0°C  and  50°C. 

Original  experiments  were  performed  using  a thermographic  system  to 
obtain  the  thermal  properties  of  the  films,  including  thermal  conductivity 
and  heat  diffusivity.  Knowledge  of  the  actual  values  of  these  physical 
properties  demands  a more  thorough  analysis  of  the  actual  experimental  con- 
ditions, which  would  be  a subject  of  future  work,  because  the  first-cut 
analysis  which  assumed  uniform  sample  heating  proved  too  simplistic.  The 
experimental  data  which  has  been  taken  is  sufficient  to  yield  these  proper- 
ties, however,  and  the  temperature  distributions  and  thermal  time  constants 
reported  are  of  interest  for  thermal  imaging  applications. 

Six  samples  of  Pbl2-glass  and  five  samples  of  PbI2-nitrocellulose 
have  been  delivered.  The  Pbl2-parylene  samples  were  consumed  during  the 
measurements  of  thermal  properties. 

Films  of  Hgl2  were  deposited  onto  glass  substrates.  Because  of  the 
high  vapor  pressure  of  Hgl2,  the  deposition  process  was  extremely  difficult 
to  control.  Additionally,  the  Hgl 2 films  re-evaporated  rapidly  in  vacuum 
during  optical  and  thermal  tests.  This  behavior  would  prevent  the  use  of 
Hgl2  filmsas  infrared-to-visible  transducers  because  the  film  must  be  in 
vacuum  to  minimize  heat  transferred  away  from  the  film.  Several  methods 
were  attempted  to  encapsulate  the  Hgl 2 films,  including  overlayers  of  pary- 
lene, Si02,  and  photoresist.  However,  the  high  vapor  pressure  of  solid  Hgl 2 
makes  passivation  difficult.  This  passivation  problem  must  be  solved  before 
thermal  properties  can  be  measured  and  before  Hgl2  can  be  used  in  the  in- 
tended thermal  Imaging  application.  Because  of  the  high  risk  In  obtaining 
stable  films  of  Hgl2,  It  was  agreed  that  emphasis  in  this  program  should  be 
on  Pbl 2«  Optical  transmission  measurements  were  made  at  temperatures  between 
0°C  and  50°C  on  the  Hgl2  films  which  were  deposited. 
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2.2  Material  Purification  and  Stability 

Both  Pbl2  and  Hgl2  were  purchased  from  the  Research  Organic/Inorganic 
Chemical  Corp.  The  listed  purity  of  Pbl2  was  99.99  percent  and  of  Hgl2 
was  99  percent.  Since  the  films  of  Pbl2  and  Hgl2  were  to  be  prepared  by 
vacuum  deposition,  and  most  commercial  chemicals  contain  higher  and 
lower  vapor  pressure  contaminants,  a preliminary  purification  step  was 
considered  necessary.  Two  evaporation-condensation  cycles  under  reduced 
pressure  was  the  technique  chosen  for  removing  impurities:  higher  vapor 
pressure  constituents  would  be  less  likely  to  condense  and  lower  vapor 
constituents  would  be  less  likely  to  evaporate  at  the  same  temperature 
as  the  desired  material.  This  was  found  to  be  a preferred  purification 

technique  for  Pbl2  and  Hgl2  by  earlier  workers  ^*35,36) 

2.2.1  Purification  System 

The  evaporation-condensation  system  shown  in  Figure  2.2-1  was 
assembled  for  purifying  Pbl2  and  Hgl2.  In  addition  to  the  vacuum  pumps 
and  gauges,  the  system  consisted  of  a demountable  pyrex  tube  about  80  cm 
long  and  4 cm  in  diameter.  This  tube  was  divided  into  four  bulbs  by  the 
three  constrictions,  was  closed  at  one  end,  and  had  a standard  taper  joint 
at  the  other  end.  Purification  of  a charge  of  material  under  vacuum  in 
the  end  bulb  A was  initiated  by  heating  the  tube  furnace,  which  caused 
material  to  evaporate  and  condense  in  the  adjoining  bulb  B.  Then  bulb  A 
was  removed  and  the  transport  of  material  was  repeated,  this  time  from 
bulb  B to  bulb  C.  The  purified  material  in  bulb  C was  next  removed  and 
stored  in  a dark  desiccator  for  subsequent  use  in  evaporations.  The 
higher  vapor  pressure  contaminants  of  the  as-received  material  were 
trapped  in  the  liquid  nitrogen  cooled  trap  or  condensed  in  bulb  D,  and 
the  lower  vapor  pressure  contaminants  were  discarded  as  residues  in  bulbs 
A and  B.  In  preparing  a tube  for  a purification  run,  filling  the  end 
bulb  A was  less  of  a problem  than  anticipated  because  both  Pbl2  and  Hgl2 
were  easily  crushed  and  carried  to  the  end  bulb  via  a 6mm  tube. 

The  key  to  this  purification  technique  is  the  use  of  the  minimum 
temperature  which  produces  material  transport  within  a reasonable  time. 

Low  temperatures  are  especially  important  in  transporting  materials  such 
as  these  iodides  which  have  a tendency  to  decompose.  The  temperature 
of  the  tube  furnace  surrounding  the  end  bulb  was  monitored  by  thermo- 
couples at  the  center  of  the  furnace  but  no  attempt  was  made  to  deter- 
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mine  the  exact  bulb  temperature.  Significant  transport  of  both  materials 
occurred  at  a furnace  temperature  of  just  over  400°C  and  a pressure  of 
about  25pm  of  Hg. 

2.2.2  Pblg  Purification  and  Stability 

A charge  of  just  over  300  gms  was  purified  which  provided  ample 
material  for  all  of  the  film  deposition  experiments.  Following  com- 
pletion of  transport  from  bulb  A to  bulb  B,  canary  yellow  Pblg  filled 
bulb  B and  dirty  grey  residue  remained  in  the  bottom  of  bulb  A.  After 
sealing  off  bulb  A,  the  transport  process  was  repeated  from  bulb  B to 
bulb  C.  A much  smaller  amount  of  grey  residue  remained  in  bulb  B than 
in  bulb  A. 

Spectrographic  analyses  were  carried  out  with  a Jarrell -Ash  3.4 
meter  emission  spectrograph.  Samples  analyzed  included  the  as- received, 
final  product  and  residues  in  bulbs  A and  B.  Results  are  presented  in 
Table  2.2-1.  Comparing  the  analyses  of  the  as-received  and  final 
product,  we  note  that  Fe,  Cu  and  Ag  were  removed,  being  concentrated  in  the 
residues.  Ca  was  also  concentrated  in  the  residues,  but  a sufficient  amount 
was  carried  through  to  be  detected  in  the  final  product.  Both  Si  and  Mg 
showed  up  in  slight  trace  amounts  in  the  final  product  but  were  undetected 
in  the  as-received  material.  They  may  have  been  introduced  from  the  pyrex 
glass  during  glass  blowing  or  may  have  been  concentrated  in  the  condensing 
product.  The  other  elements  detected  in  the  residues  but  not  in  the  Pblg 
samples  may  also  have  been  introduced  from  the  pyrex  glass  or  may  have 
been  concentrated  in  the  residues.  (Non-metall ic  constituents  are  not 
detected  by  this  analytical  technique  so  that  iodine  was  not  reported  in 
the  analysis  results.) 

The  purified  Pblg  was  stored  in  a dark  dessicator  and  proved  to  be 
stable  toward  materials  with  which  it  came  in  contact. 

2.2.3  Hglg  Purification  and  Stability 

A charge  of  just  over  300  gms  was  purified  which  provided  ample 
material  for  all  of  the  film  deposition  experiments.  The  transported 
material  was  red,  and  residues  consisted  of  traces  of  grey  film  on  the 
empty  bulbs. 

Spectrographic  analyses  were  carried  out  with  a Jarrell-Ash  3.4  meter 
emission  spectrograph  on  the  as- received  and  final  product.  Results  pre- 
sented in  Table  2.2-2  indicate  that  the  purity  of  the  as-received  material 
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Table  2.2-1  Spectrographic  Analyses  of  Pbl 2 and  Residues  from  Purification  Process 


Element 

As-Received 

Residue  Bulb  A 

Residue  Bulb  B Final 

Product  Bulb  C 

Pb 

ma 

ma 

ma 

ma 

Fe 

si  tr 

mi 

mi 

un 

Cu 

si  tr 

tr 

tr 

un 

Ag 

si  tr 

si  tr 

si  tr 

un 

Ca 

si  tr 

tr 

tr 

si  tr 

Si 

un 

tr 

mi 

si  tr 

Mg 

un 

si  tr 

si  tr 

si  tr 

P 

un 

mi 

mi 

un 

Na 

un 

tr 

tr 

un 

A1 

un 

si  tr 

si  tr 

un 

B 

un 

si  tr 

tr 

un 

Mn 

un 

si  tr 

si  tr 

un 

Ti 

un 

si  tr 

si  tr 

un 

Cr 

un 

si  tr 

si  tr 

un 

Zn 

un 

si  tr 

un 

un 

Legend: 

major 

10  to 

100  percent 

sl_i ght  trace  <0.01  percent 

mi  nor 

0.5  to  10  percent 

undetected  <0.001 

percent 

trace 

0.01 

to  0.5  percent 

Table  2.2-2  Spectrographic  Analyses  of  Hgl 2 


Element 

As -Received 

Final  Product 

Hg 

ma 

ma 

Ag 

si  tr 

si  tr 

I 

Ca 

si  tr 

si  tr 

n 

Mg 

si  tr 

si  tr 

Legend:  major 

10  to  100  percent 

slight  trace  <0.01  percent 

was  somewhat  greater  than  its  nominal  99  percent,  and  that  there  was  no 
noticeable  change  after  the  sublimations. 

The  purified  Hgl2  was  stored  in  a dark  dessicator  and  proved  to 
be  stable  in  a glass  container.  However,  several  workers  had  reported 
difficulty  in  making  electrical  contacts  with  Hgl2  crystals  due  to  its 
chemical  reactivity,  and  since  this  could  pose  a problem  in  preparing 
Hgl2  films,  a brief  set  of  experiments  was  carried  out  to  determine  the 
extent  of  its  reactivity  with  metal  commonly  present  in  a vacuum  system. 
Samples  of  several  metals  were  placed  in  glass  vials  with  Hgl2  at  room 
temperature  in  air  for  several  days.  No  attempt  was  made  to  analyze 
the  reaction  products;  however,  the  results  were  consistent  with  the 
heats  of  formation  and- free  energies  of  the  metal  iodides  at  room 
temperature.  The  observations  are  summarized  in  Table  2.2-3. 


Table  2.2-3.  Action  of  Hgl2  on  Several  Metals 


METAL 

FORM 

RESULTS 

A1 

foil 

rapid  continuous  reaction,  grey  powder 

Brass 

bulk 

amalgamated  surface,  grey  scum 

Ag 

film 

rapid  reaction,  silver  disappeared 

Cu 

bulk 

superficial  reaction,  dark  brown  adherent  coating 

Stainless  Steel 

bulk 

superficial  reaction,  maroon  adherent  coating 

Au 

film 

no  observed  change  in  four  days 

Further  tests  were  made  to  determine  whether  anodized  coatings  would  pro- 
tect A1  from  Hgl2.  The  samples  were  stored  in  covered  glass  vials  which 
were  open  to  the  atmosphere.  The  test  materials  included  an  A1  wire  whose 
anodizing  was  adequate  for  electrical  insulation,  a piece  of  A1  foil,  a 
piece  of  A1  with  a MIL-spec  olive  drab  soft  anodized  coating,  another 
piece  of  A1  with  a black  hard  anodized  coating,  and  a length  of  A1  wire 
from  which  the  anodized  coating  had  been  removed.  The  samples  were  placed 
in  the  vials  so  that  a portion  was  in  contact  with  Hgl2  powder.  After  three 
weeks  at  room  temperature,  it  was  found  that  there  was  little  or  no  reaction 
with  the  sample  portion  not  in  contact  with  Hgl2  powder  but  that  any  A1  in 
contact  with  Hgl2  was  consumed  (leaving  a clear  viscous  liquid  and  what 
appeared  to  be  free  Hg)(.  Based  on  these  observations,  it  was  concluded 
that  anodized  coatings  provided  effective  protection  of  A1  from  reaction 
with  Hgl2  except  where  there  were  pinholes  or  cracks. 
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2.3  Substrates 

2.3.1  General  Considerations 

The  thin  thermo-optic  materials  must  be  supported  on  substrates 
which  have  a unique  combination  of  optical,  mechanical  and  chemical 
properties.  The  substrate  requirements  are: 

(a)  transparency  In  the  region  of  the  spectrum  of  Interest, 

(b)  stability  under  film  deposition  conditions, 

(c)  thermal  expansion  coefficient  close  to  that  of  the  thermo-optic 
film  material , 

(d)  low  thermal  conductivity  and  heat  diffusivity,  and 

(e)  availability  as  a thin,  flat  sheet  or  film  to  provide  a 20mm 
clear  aperture. 

Properties  of  substrate  materials  are  listed  in  Table  2.3-1.  Several 
materials  which  might  otherwise  have  been  suitable  substrates  were  eliminated 
from  consideration.  Thus,  for  example,  Kapton  H was  rejected  because  of  its 
absorption  edge  in  the  spectral  region  of  interest  for  Pbl2  and  Hglg.  Film 
deposition  of  Pbl2  should  take  place  at  about  150°C  in  a vacuum  so  that 
materials  which  outgas  or  deform  under  these  conditions  were  rejected. 

(This  was  one  reason  for  not  pursuing  the  use  of  nitrocellulose.) 


Table  1.3-1 

Properties  of  Substrate  Materials* 


Composition 

Trade  Name 

Ae Tractive 
Index 

Maxima 

Temperature 

Thermal 

expansion 

Thermal 

Conductivity 

Specific 

Neat 

Oenslty 

Thermal**  Mlniaaaa 
Diffusivity  Thickness 

(at  569. Jim) 

CC) 

CC)-' 

m 

(WW 

<5») 

(£) 

(ailerons) 

0211  Class 

Microsheet 

1.523 

510 

7.38x10"* 

i.2ixio'* 

0.753 

2.57 

s.o*?o° 

- 40 

7740  Class 

Pyrex 

1.474 

510 

3.25 

1.21x10'* 

0.637 

2.23 

5.2 

~ 40 

Nitrocellulose 

1.50 

60 

130 

1.07x10"* 

1.59 

1.36 

0.6 

0.05 

Polynylyleoe 

Mary lane- H 

1.661 

200 

35 

1. 20x10'* 

0.637 

1.11 

1.4 

0.05 

•Oata  from  manufacturers ' literature 


•"Calculated  values 


In  one  Investigation  of  Pbl,  films,  the  best  optical  properties  on 

c 37 

a variety  of  substrates  were  obtained  by  deposition  on  NaCI  substrates. 

The  thermal  expansion  coefficients  of  Pbl2  and  NaCI  are  closely  matched, 

suggesting  that  stress  caused  by  thermal  expansion  mismatch  between  film 

and  substrate  degrades  optical  properties.  It  has  also  been  observed  that 

Pbl2  and  Hgl2  are  soft  and  easily  form  dislocations.  In  fact,  dislocations 

formed  by  cleaving  Hgl,  were  followed  through  500pm  of  material  by  dis- 

c 27 

location  etch  pit  studies.  Thus,  In  order  to  prepare  and  characterize 
films  with  low  dislocation  densities,  all  stress  should  be  minimized,  both 
during  film  growth  and  during  subsequent  handling.  The  thermal  expansion 
coefficients  for  Pbl0  are  a = 30  x 10"6/C°  and  a = 21  x 10"6/C° (18,38,39) 
and  for  Hgl2  Is  a = 2.39  x 10  /C°.  As  seen  in  Table  2.3-1,  the  best 
match  of  thermal  expansion  values  for  Pbl2  is  parylene-N  and  for  Hgl2  is 
pyrex  glass. 

The  thermal  conductivity  and  heat  diffuslvity  of  the  substrate  should 
be  as  low  as  possible  to  avoid  degrading  an  infrared  image  on  the  thermo- 
optic  film.  As  shown  in  Table  2.3-1,  the  polymers  are  to  be  preferred 
because  they  have  much  lower  values  than  the  glasses.  The  final  substrate 
requirement  Is  that  it  be  available  as  a thin,  flat  sheet  or  film  of 
sufficiently  broad  extent  to  provide  a 20  mm  clear  aperture.  Obviously, 
a relatively  thick  substrate,  albeit  one  with  low  thermal  conductivity, 
could  permit  the  passage  of  sufficient  heat  along  a path  which  parallels 
the  surface  of  the  thermo-optic  film  to  mask  the  properties  of  the  film. 

Thus  organic  materials,  which  can  be  deposited  or  cast  in  thicknesses  of 
tenths  of  a pm  or  less,  are  preferred. 

While  none  of  the  materials  which  were  considered  for  use  as  substrates 
met  all  of  the  requirements,  parylene  N appeared  to  be  most  appropriate  for 
use  with  Pbl2  and  pyrex  glass  appeared  to  be  most  appropriate  for  use  with 
Hgl2. 

2.3.2  Substrate  Support  Rings 

For  convenience  in  handling  and  mounting  fragile  substrates,  a support 
ring  was  standardized  for  use  on  this  program.  The  configuration  and 
dimensions  are  shown  in  Figure  2.3-1.  The  substrate  was  bonded  to  the  flat 
surface  of  the  ring  using  an  epoxy  resin  (Vac-Seal  from  Perkin  Elmer  Corp., 
GE  Vac  from  General  Electric  Co.,  or  Epoxi-Patch  from  Dexter  Corp.)  or  a 
silicone  resin  (Silastic  732  RTV  from  Dow  Corning  Corp.,  or  Black-Silicone 
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Figure  2.3-1.  Substrate  Support  Ring 

Glue  and  Seal  from  General  Electric  Co.).  The  0.5  inch  grooves  on  the 
back  surface  permit  free  gas  movement  from  both  faces  of  the  substrate. 

Thus  a pressure  differential  does  not  build  up  across  a substrate  foil 
when  it  is  placed  upon  or  removed  from  a flat  surface,  or  when  a substrate 
is  in  a chamber  being  evacuated. 

The  support  ring  materials  were  selected  to  match  thermal  expansion 
coefficients  of  the  substrate  materials  so  as  not  to  introduce  strain 
which  could  be  propagated  into  the  film.  Glass  support  rings  were  made 
for  Hgl2  depositions  on  glass  substrates  and  A1  support  rings  were  made 
for  Pbl2  depositions  on  parylene  substrates.  (The  thermal  expansion 
coefficient  of  A1  is  23  x 10"®/C°  which  is  close  to  the  thermal 
expansion  coefficients  of  both  Pbl2  and  parylene.) 

2.3.3  Glass  Substrates 

Glass  microscope  cover  slips  are  commercially  available  as  25  mm 
diameter  disks  ranging  in  thickness  from  0.10  to  0.25  mm.  Unfortunately, 
manufacturers  of  this  product  are  reluctant  to  disclose  the  type  of  glass 
or  Its  thermal  expansion  coefficient.  However,  because  of  the  convenience 
of  being  able  to  purchase  glass  cover  slips,  they  were  used  as  substrates 
for  much  of  our  film  deposition  work. 

Since  the  thinnest  slip  available  was  about  200pm  thick,  a batch  of  13 
was  optically  polished  down  to  a thickness  of  46  pm.  Thinner  glass  slips 
can  probably  be  produced  but  the  yield  will  be  low.  Work  on  Hgl2  was 
terminated  before  an  effort  was  made  to  polish  pyrex  glass  for  substrates. 


r 


2.3.4  Parylene  Substrates 

Parylene  (a  polymer  of  paraxylylene)  is  produced  by  vapor-phase 
deposition  and  polymerization.  The  process  involves  vaporization  of  the 
starting  material,  its  pyrolysis  and  deposition,  as  shown  by  the  chemical 
reactions,  temperature  and  pressure,  and  schematic  of  equipment  in 
Figure  2.3-2.  Film  thickness  is  controlled  by  (a)  the  weighted  charge 
of  parylene  dimmer  that  is  vaporized  and  (b)  *he  surface  area  in  the 
deposition  chamber.  Once  these  quantities  r**e  fixed,  the  parylene 
film  thickness  can  be  deposited  very  reproducibly.  A parylene  coater 
is  used  in  this  facility  for  conformal  coating  of  circuit  boards,  and  it 
was  used  to  deposit  parylene  layers  for  substrates  on  this  program. 

Preparation  of  thin  parylene  substrates  consists  of  several  steps: 

(a)  selecting  a suitably  smooth  surface  on  which  the  parylene  is  to 
be  deposited, 

(b)  applying  a cleaning/ release  agent  to  this  surface, 

(c)  depositing  the  parylene, 

(d)  bonding  a support  ring  to  the  parylene,  and 

(e)  demounting  the  support  ring  with  its  attached  parylene  foil. 


Initial  parylene  substrate  preparation  was  based  on  information  from  a 
representative  of  Union  Carbide  and  in-house  work  on  demounting  parylene 
films.  The  first  parylene  depositions  were  made  on  polished  silicon  wafers 
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Figure  2.3-2.  The  Parylene  Deposition  Process 
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which  had  been  dipped  In  concentrated  ammoniacal  Alconox  solution.  Smooth 
substrate  foils  were  not  produced  and  further  discussions  with  a Union 
Carbide  representative  revealed  that  several  Improvements  had  been  Incor- 
porated Into  their  procedures.  Use  of  picture-frame  glass  for  the  smooth 
surface  was  recommended.  The  glass  was  first  washed  with  an  ammonlacal 
solution  of  Alconox  and  then  rinsed  free  of  excess  detergent.  These  steps 
yielded  improved  parylene  films;  however,  the  demounted  foils  (which  had 
been  bonded  with  epoxy  resin  to  support  rings)  were  very  wrinkled.  These 
foils  were  quite  strong  and  could  be  stretched  by  supporting  the  weight  of 
a second  ring  within  the  first.  The  procedure  was  thus  modified  to  first 
demount  the  film  onto  an  oversize  ring  (40  mn  0.0.)  and  then  use  the 
smaller  correct-size  support  ring  (32  mm  O.D.)  to  stretch  the  foil  while 
its  bonding  silicone  resin  set  up. 

All  of  the  foils  produced  contained  stress  lines,  which  upon  micro- 
scopic examination, were  found  to  be  associated  with  dust  particles.  The 
dust  may  have  been  incorporated  during  many  stages  in  the  film  preparation: 
inadequate  cleaning  of  the  glass  plates,  loading  of  the  cleaned  glass 
plates  Into  the  parylene  deposition  chamber,  during  parylene  deposition, 
or  handling  of  the  plates  and  films  thereafter.  (These  defects  would  have 
caused  excessive  scattering  of  light  If  the  films  were  used  as  substrates 
for  Pblg.)  In  a discussion  of  this  problem  with  the  representative  of 
Union  Carbide,  it  was  learned  that  a very  low  dust  count  room  (Class  100) 
is  used  In  preparing  thin  parylene  films  at  Union  Carbide.  Since  the 
parylene  deposition  equipment  used  for  preparing  our  films  was  not  in  a 
low  dust  environment.  It  was  decided  to  purchase  parylene  films  for  this 
program.  An  order  was  placed  for  2000A  parylene  N films  transferred  onto 
our  1.25  O.D  A1  support  rings. 

The  2000A  parylene  films  from  Union  Carbide  showed  some  non- uniformity 
in  the  mounting  procedure.  Some  foils  were  evenly  taut  while  others  appeared 
to  be  stressed  In  a way  that  produced  ridges.  Several  films  were  subjected 
to  spectroscopic  scanning  from  300  nm  in  the  UV  to  3000  nm  in  the  IR.  These 
results  showed  that  the  films  measured  2054  + 47A  in  thickness. 
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2.4  Film  Deposition 

The  films  for  this  program  were  to  be  polycrystalline  and  ordered 
with  the  <001>  or  t axis  perpendicular  to  the  plane  of  the  film,  in  order 
to  obtain  uniform  optical  properties.  Both  Pbl2  and  Hgl2  exist  in  more 
than  one  crystallographic  form.  For  good  thermo-optic  properties,  the 
crystallites  should  not  have  passed  through  a polytype  or  a phase 
transition.  Therefore,  the  strategy  was  to  deposit  the  films  at  tempera- 
tures which  assure  the  formation  of  the  crystalline  structure  which  is 
stable  at  room  temperature.  For  Pbl2  that  is  the  2H  poly  type,  and  for  Hgl2 
that  is  the  a form.  Physical  vapor  deposition  by  vacuum  evaporation  was  used 
to  meet  these  goals. 

2.4.1  Deposition  Equipment 

An  Ultek  rapid-cycle,  contaminant- free,  high  vacuum  system  with  cryo- 
sorption  forepumps,  differential  ion  pumps,  and  titanium  sublimation  pump 
was  made  available  to  this  program.  It  was  installed  in  a class  100,000 

O 

clean  room  facility  and  was  pumped  to  pressures  of  10  torr  during  these 
procedures.  The  vacuum  evaporator  was  outfitted  with  the  necessary  feed- 
throughs and  electro-mechanical  devices,  including  an  automated  system 
for  supplying  liquid  nitrogen. 

Figure  2.4-1  shows  the  vacuum  station  installation.  On  the  left  are 
the  cryosorption  forepump  stand  and  recharging  controls;  in  the  center  is 
the  vacuum  chamber,  with  differential  ion  pumps  and  titanium  sublimation 
pumps  in  the  cabinet  below;  and  on  the  right  are  the  control  and  monitoring 
panels. 

Figure  2.4-2  shows  the  components  within  the  bell  jar.  Centered  at 
the  bottom  is  a shiny  cylindrical  resistance  - heated  evaporator.  Above 
that  is  the  shutter.  Next  above  is  a square,  six-position  substrate  holder 
mounted  to  the  substrate  heating  chamber.  The  evaporator- to-substrate 
distance  is  28  cm.  Just  to  the  right  is  the  holder  for  the  resonant  quartz 
crystal  of  the  deposition  monitor.  The  shutter,  substrate  holder  and 
substrate  heater  were  designed  and  built  at  Rockwell  International. 

Components  of  the  resistance-heated  Radak  evaporator,  produced  by 
the  Luxel  Corp. , are  shown  in  Figure  2.4-3.  On  the  right  is  the  tungsten 
wire  heating  element  and  its  supporting  structure  on  the  heater  base.  The 
alumina  tubing  in  the  center  of  this  heating  element  contains  a chromel- 
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alumel  thermocouple  for  monitoring  the  temperature  at  the  base  of  the 
crucible.  When  the  evaporator  is  assembled,  a crucible  presses  down  on 
the  spring-loaded  thermocouple,  assuring  an  accurate  temperature  measurement. 
In  the  foreground  are  2 cc  crucibles  of  fused  silica  and  crystallized  alumina. 
Behind  the  crucibles  is  a tantalum  and  molybdenum  radiation  baffle.  On  the 
left  is  the  stainless  steel  cover  which  locks  to  the  base.  Due  to  its  design, 
this  evaporator  permits  attainment  of  high  vapor  flux  at  a low  temperature, 
which  results  in  a minimum  of  thermal  decomposition  of  the  evaporant.  Power 
for  this  evaporator  was  provided  by  a voltage  divider  which  gave  precise 
control  of  the  low  power  requirement  (less  than  100  watts). 

Figure  2.4-4  shows  the  copper  substrate  holder  from  above,  demounted 
from  the  substrate  heating  chamber.  On  the  left  is  a substrate  support  ring 
which  is  being  placed  in  one  of  the  six  cavities.  The  slots  in  the  substrate 
holder  are  for  thermocouple  monitoring  of  the  support  ring's  temperature. 

For  film  characterization  and  retrieval,  a film  coding  system  was 
instituted  so  that  each  film  had  a unique  identity.  The  designation  in- 
cluded the  date  of  the  deposition  (month  and  day),  which  evaporation  on 
that  date  (A.B.C...),  and  the  position  in  the  substrate  holder  (1,3, 5, 7, 9, 
or  11  numbered  clockwise).  Thus,  film  No.  0105C7  means  that  the  film  was 
deposited  on  January  5,  during  the  third  evaporation  of  that  day  and  it 
was  in  the  7 o'clock  position. 

The  deposition  monitor  was  a Deposition  Control  Master,  Model  Omni  II, 
produced  by  the  Sloan  Technology  Corporation.  This  equipment  measured 
the  rate  of  film  deposition  by  the  frequency  shift  of  a resonant  quartz 
crystal  held  in  the  vapor  stream.  A Hewlett-Packard  #5381 A 80  MHz  frequency 
counter  was  used  with  the  deposition  monitor  to  provide  a digital  readout 
for  improved  Sensitivity. 

2.4.2  Pbl2  Film  Depositions 

An  initial  series  of  Pbl2  depositions  was  carried  out  to  explore 
deposition  parameters  and  select  preferred  ones  for  control  of  polytype, 
crystallite  axis  orientation  and  crystalline  size.  In  carrying  out  these 
depositions,  the  evaporator  temperature,  evaporator- to-substrate  distance 
and  substrate  temperature  were  varied  to  control  evaporation  and  deposition 
rates.  To  simplify  bell  jar  cleaning,  the  bell  jar  was  lined  with  A1  foil 
which  was  replaced  from  time  to  time. 
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The  vapor  pressure  curve  for  Pbl2  is  presented  in  Figure  2.4-5. 

For  the  exploratory  study,  the  evaporator  temperature  was  varied  between 

_3 

350  and  475°C,  providing  Pbl2  vapor  pressures  of  -8  x 10  to  1 torr. 

The  glass  substrates  for  these  depositions  were  held  at  temperatures  up 
to  170°C. 

In  a typical  deposition  run,  after  the  substrate  temperature  had 
equilibrated,  the  evaporator  was  energized  at  a particular  power  setting 
and  the  deposition  monitor  was  set  at  a frequency  of  1 KHz.  The  shutter 
shielded  the  substrates,  but  the  quartz  crystal  of  the  deposition  monitor 
was  open  to  the  evaporator  source  throughout  the  run.  (The  deposition  rate 
proved  to  be  a more  sensitive  means  for  determining  when  the  evaporator 
had  equilibrated  than  the  measured  evaporator  temperature.)  When  the 
monitor  frequency  reached  a steady  value,  the  shutter  was  opened  between  the 
evaporator  and  the  substrates  to  start  the  deposition.  When  the  frequency 
counter  reached  a pre-selected  value,  the  deposition  was  ended  by  closing 
the  shutter.  Then  the  evaporator  and  substrate  heater  were  turned  off. 

Film  thicknesses  of  Pbl2  on  glass  substrates  were  measured  with  a 
Dektak  surface  profilometer,  produced  by  the  Sloan  Technology  Corp. 

Deposition  rates  of  up  to  400A/min  were  deduced  from  thickness  measurements. 

At  the  completion  of  these  preliminary  experiments,  the  substrate 
temperature  range  of  140  to  155°C  was  selected  as  most  likely  to  yield  the 
oriented  crystallites  needed,  and  the  evaporator- to-substrate  distance  was 
fixed  at  28  cm. 

Next,  three  Pbl2  depositions  were  made  on  glass  substrates  to  establish 
the  effects  of  deposition  rate  and  growth  temperature  on  film  quality,  as 
well  as  to  determine  the  reproducibility  and  uniformity  of  depositions  in 
the  system.  The  parameters  of  these  depositions,  designated  0130A,  0202A 
and  0203A,  are  presented  in  Table  2.4-1. 

Table  2.4-1.  Parameters  for  Three  Pbl2  Depositions 


Substrate  temperature  (°C) 
Average  Af/second  (Hz/sec) 
Deposition  period  (min) 

Average  film  thickness  (KA) 
Average  deposition  rate  (A/min) 


Run  0203A  Run  0130A  Run  0202A 
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FIGURE  2 


.4-5.  Vapor  Pressure  of  Pbl 
as  a Function  of 
Temperature. 
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In  addition  to  the  profilometer  measurements  used  to  obtain  the  film 
thicknesses,  Nomarski  interference  contrast  microscopy  was  used  to  evaluate 
the  surface  topography.  At  a magnification  of  536X,  the  films  appeared  to 
be  uniform  and  relatively  pinhole-free. 

Reflection  electron  diffraction  indicated  that  the  films  all  had 
oriented  structures.  From  the  most  oriented  to  the  least,  the  sequence 
was  0203A3,  0130A3  and  0202A3.  This  related  improved  orientation  with 
a slower  growth  rate  at  a higher  temperature. 

Scanning  electron  microscopy  at  6800X  and  27000X  indicated  uniform 
Pblg  coverage  of  the  substrate  in  two  modes:  a continuous  film  matrix  of 
about  1KA  crystallite  size,  and  out-of-plane  larger  crystallites  that  may 
be  as  large  as  4KA  on  an  edge.  These  out-of-plane  crystallites  appear  to 
be  more  numerous  and  of  greater  size  in  films  grown  at  slower  growth  rates 
and  at  higher  temperatures.  Figure  2.4-6  is  a scanning  electron  micrograph 
of  a film  grown  at  the  slowest  growth  rate  and  at  the  highest  temperature. 

Note  that  the  exposed  facets  of  the  large  crystallites  appear  to  be  randomly 
oriented  and  of  various  sizes. 

Since  the  mass  of  Pb^  deposited  on  the  quartz  crystal  of  the  Sloan 
monitor  established  its  resonant  frequency,  a frequency  difference  of  5.8  KHz 
was  used  to  determine  the  duration  of  each  of  these  three  deposition  runs. 

The  film  thickness  uniformity  and  reproducibility  were  assessed  by  comparing 
film  thicknesses  at  all  deposition  positions  for  each  run,  and  at  each 
deposition  position  for  all  runs.  The  data  tabulated  in  Table  2.4-2  show  a 
5 to  10  percent  variation  due  to  substrate  position  and  measurement  error. 
Positions  1 and  3 had  slightly  thicker  films  than  the  average  and  positions 
9 and  11  had  slightly  thinner  films  than  the  average. 

X-ray  diffraction  studies  were  carried  out  to  determine  the  polytypes 
present  and  degree  of  preferred  orientation  in  Pbl^  films.  The  samples 
studied  were  Pb^  films  deposited  on  glass  substrates:  some  unheated  during 
film  deposition  and  others  heated  to  150°C  during  film  deposition.  For  this 
evaluation,  the  relative  intensities  of  the  principal  low  index  diffraction 
lines  and  their  wavelengths  were  obtained  with  a Philips  x-ray  diffractometer. 
The  intensities  of  the  diffraction  lines  were  then  compared  with: 

(1)  Card  No.  7-235  for  the  2H  polytype  of  Pb^  Joint  Committee  on 
Powder  Diffraction  Standards,  International  Centre  for 
Diffraction  Data,  Swarthmore,  Pa.  , 
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and  (2)  line  intensities  calculated  for  the  4H,  6H  and  12H  polytypes, 
using  lattice  constant  data  from 

R.  G.  Wycoff,  "Crystal  Structure,"  Vol . I,  and  Edition,  Interscience, 

New  York,  N.  Y.  1963,  p 276. 

The  X-ray  diffraction  patterns  of  all  of  the  films  matched  the  2H  polytype 
pattern;  however,  there  were  a few  additional  lines  not  shown  on  Card  No. 

7-235  which  could  be  attributed  to  the  6H  polytype. 

It  had  been  anticipated  that  film  deposition  at  a slow  rate  and 
high  temperature  would  favor  the  <00. 1>  direction  or  6 axis  perpendicular 
to  the  plane  of  the  film.  Surprisingly,  the  X-ray  study  showed  that  the 
degree  of  orientation  was  independent  of  temperature  or  growth  rate:  the 
films  all  exhibited  a preferred  orientation  with  the  <00. 1>  direction 
perpendicular  to  the  plane  of  the  film.  The  degree  of  this  orientation  was 
about  four  times  greater  than  expected  for  a randomly-oriented  polycrystalline 
sample.  Since  the  electron  diffraction  study  indicated  increasing  crystallinity 
and  the  scanning  electron  microscope  showed  larger  platelets  in  films  deposited 
at  higher  temperatures  and  slower  rates,  electron  diffraction  must  have  been 
more  sensitive  to  the  presence  of  the  larger,  randomly-oriented  crystallites 
than  X-ray  diffraction. 

A series  of  Pbl2  depositions  was  planned  for  the  parylene  foils 
purchased  from  Union  Carbide.  In  each  deposition,  one  parylene  substrate  was  used 
with  five  glass  substrates  in  the  substrate  holder.  Unfortunately,  of  the  12 
parylene  foils  received,  five  ruptured  before  film  deposition  for  no  apparent 
reason  (presumably  due  to  high  tensile  stress  in  the  foils).  Two  of  the 
foils  ruptured  following  Pbl2  deposition.  The  remaining  five  parylene  foils 
survived  Pbl2  deposition  and  were  subsequently  characterized.  Table  2.4-3 
lists  the  deposition  conditions  used  for  these  films.  Deposition  rates  were 
obtained  from  profilometer  measurements  of  Pbl2  film  thicknesses  on  adjacent 
glass  substrates.  Several  of  the  foils  appeared  wrinkled  after  film 
deposition  but  became  taut  upon  dry  storage.  It  should  be  noted  that  the  Pbl2 
adhered  well  to  the  parylene.  Thermo-optic  properties  of  these  films  are 
described  in  subsequent  sections. 

In  summary,  the  Pbl2  depositions  by  vacuum  evaporation  satisfactorily 
met  the  goals  of  producing  polycrystalline  films  which  were  predominantly 
the  2H  poly type  and  oriented  with  the  <00. 1>  direction  perpendicular  to  the 
plane  of  the  film. 
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Table  2.4-2.  Film  Thickness  at  Each  Substrate  Position  for  Three  Pbl2  Depositions 


Run  0130A 
Run  0202A 
Run  0203A 

Average 


Film  Thickness  In  KA 

Position  Position  Position  Position  Position  Position  Average 


2.0 

2.1 

2.2 

1.9 

2.0 

2.1 

2.1 

1.9 

2.0 

2.0 

2.0 

2.1 

Table  2.4-3.  Deposition  Conditions  for  Pbl2  Films  on  Parylene  Substrates 


Substrate 

Temperature 


Film 


0628A1 1 
705A2 
0707A2 
0808B2 
0809A2 


2^4.3  Hgl2  Film  Depositions 

As  a consequence  of  the  tests  on  the  reactivity  of  Hgl2  with  several 
metals  (see  Table  2.2-3),  the  A1  foil  liner  for  the  vacuum  system's  bell  jar 
was  replaced  with  mylar  foil  and  the  Ag  electrodes  of  the  quartz  resonant 
crystal  (for  the  rate  monitor)  were  coated  with  Au.  It  was  assumed  that  the 
presence  of  the  other  metals  in  the  vacuum  chamber  would  not  degrade  the 
quality  of  the  Hgl,  films. 
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The  vapor  pressure  curve  for  Hgl2  is  presented  in  Figure  2.4-7.  Note 

that  Hgl2  has  a much  higher  vapor  pressure  than  Pbl2 . For  example,  to  reach 
a vapor  pressure  of  0.1  torr,  Hgl2  is  at  120°C  and  Pbl2  is  at  407°C,  while 
to  reach  a vapor  pressure  of  10’5  torr,  Hgl2  is  at  22°C  and  Pbl2  is  at  242°C. 
The  high  vapor  pressure  of  Hgl2  at  room  temperature  proved  to  be  a major 
problem. 

Initial  evaporations  of  Hgl2  did  not  produce  measurable  Hgl2  films  on 
the  glass  substrates.  There  were  signs  of  evaporation, such  as  a loss  of  weight 
from  the  evaporator  crucible  between  the  beginning  and  end  of  a run,  and 
discoloration  of  the  substrate  holder,  but  no  red  film  was  found  on  the 
substrates  or  vacuum  chamber  furniture.  In  one  experiment,  a two  liter 
beaker  was  placed  over  the  evaporator  source.  (A  two  liter  beaker  is  about 
14  cm  in  diameter  and  18  cm  tall.)  The  first  coloration  of  the  beaker 
occurred  when  the  source  temperature  reached  86°C.  At  the  completion  of  the 
run,  the  inside  of  the  beaker  was  red,  orange,  orange-yellow  and  yellow, 
which  demonstrated  that  Hgl2  had  been  evaporated  and  had  deposited.  Other 
experiments  without  a confining  beaker  resulted  in  selective  deposition  of 
Hgl2  on  the  system  walls  but  not  on  the  substrates. 

In  the  first  evaporation  run  to  produce  Hgl,  films  on  substrates, 

c _2 

the  system  pressure  was  permitted  to  rise  to  3 x 10  torr  with  the 
evaporator  temperature  at  285°C  and  the  substrates  at  room  temperature. 

The  reactant  films  were  relatively  soft  so  that  profilometer  measurements  of 
film  thickness  were  unsuccessful  (because  the  stylus  cut  into  the  films). 
Several  more  Hgl2  depositions  followed  using  elevated  pressures  and/or 
high  evaporation  rates  in  an  effort  to  establish  conditions  for  the 
reproducible  growth  of  good  quality,  uniform  thin  films. 

Since  the  rate  of  film  growth  is  the  difference  between  the  rate  of 
deposition  and  the  rate  of  re- evaporation,  high  deposition  rates  were 
found  to  be  necessary  to  produce  Hgl2  films  on  room  temperature  glass 
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FIGURE  2.4-7.  Vapor  Pressure  of  Hgl2 
as  a Function  of 
Temperature.41 


substrates.  The  films  deposited  under  poor  vacuum  made  use  of  the  presence 
of  the  residual  gas  to  retard  re- evaporation;  however,  this  method  produced 
a "fluffy"  deposit  rather  than  a dense  film.  The  emphasis  thus  turned  to 
increasing  the  deposition  rate. 

The  Rodak  evaporator  design  permits  attainment  of  an  evaporant  flux 
at  a low  temperature  which  results  in  a minimum  of  thermal  decomposition. 

In  endeavoring  to  increase  the  Hgl?  evaporation  rate  from  the  cylindrical 
crucible  by  raising  its  temperature,  we  ran  into  two  problems:  First,  a 
greater  charge  of  Hgl2  was  required  and  second,  as  the  Hgl2  powder  was  heated, 
it  sintered  into  a plug  the  shape  of  the  crucible.  Vapor  pressure  built  up 
beneath  this  plug  until  the  plug  was  suddenly  expelled  from  the  crucible, 
terminating  the  evaporation  run.  To  overcome  these  problems,  Hgl2  powder 
was  pressed  (at  5000  pounds  per  square  inch  into  cylindrical  pellets  0.5  inches 
in  diameter  by  0.5  inches  in  length),  crushed  and  sieved  to  produce  dense 
granules  of  Hgl2.  The  intergranular  spaces  were  expected  to  provide  a path 
for  the  escape  of  Hgl2  vapors  from  the  heated  crucible.  Unfortunately,  the 
results  were  mixed:  the  denser  granules  resulted  in  a larger  initial  charge 
of  Hgl2  but  the  granules  sintered  into  a plug  which  was  expelled  from  the 
crucible.  Several  trials  were  conducted  but  each  run  was  terminated 
unpredictably  by  the  expulsion  of  the  plug  from  the  crucible. 

Another  aspect  of  the  problem  of  preparing  a good  Hgl2  film  is  the 
retention  of  the  film  on  the  substrate.  When  films  remained  under  reduced 
pressure  in  the  vacuum  chamber  after  deposition,  continuous  re-evaporation 
occurred,  with  the  Hgl2  depositing  on  cooler  portions  of  the  bell  jar  or 
being  trapped  by  the  pumping  system.  It  was  therefore  necessary  to  quench 
the  re-evaporation  by  letting  the  system  up  to  atmospheric  pressure  with 
dry  N2  shortly  after  the  deposition  was  completed.  This  room  temperature 
re-evaporation  under  reduced  pressure  also  posed  a problem  in  the  characteri- 
zation of  films,  and  several  attempts  were  made  to  encapsulate  Hgl2  films 
by  coating  with  Si 0X  films  by  sputtering  or  evaporation.  Neither  encap- 
sulation method  was  successful  because  no  Hgl2  remained  after  the  Si0x 
depositions. 

To  confirm  that  the  Hgl2  film  had  evaporated  during  the  Si0x  deposition 
! processes,  an  experiment  was  conducted  in  which  an  Hgl2  film  was  exposed  to 

the  same  pressures  that  had  been  used  during  the  Si0x  depositions.  The 
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vacuum  system  containing  the  film  at  room  temperature  was  pumped  down  to 

-4 

50  microns  over  a three  minute  period,  then  pumped  down  to  4 x 10  torr  for 
two  minutes  and  held  for  an  additional  minute  before  opening  the  system  to 
the  atmosphere.  At  the  end  of  this  period,  the  Hgl2  film  had  disappeared. 

The  evaporation  of  Hgl2  at  these  moderate  pressures  confirmed  the  need  for  an 
*'  encapsulation  technique. 

32 

In  a paper  by  R.  S.  Scott  and  G.  E.  Fredericks  . the 
authors  considered  the  reported  instability  of  unprotected  (bulk) 
crystal)  Hgl2  X-ray  detectors  in  vacuum  in  contrast  with  the  apparent 
stability  of  similar  detectors  in  air.  Their  calculations,  based  on  the 
assumed  dissociation  of  Hgl2  and  the  high  vapor  pressure  of  I2,  predict  that 
the  degradation  due  to  evaporation  of  I2  would  occur  in  one  hour  under  high 
vacuum  but  would  require  about  a year  under  atmospheric  pressure.  Whether 
or  not  there  is  significant  decomposition  of  Hgl2  at  room  temperature,  the 
high  vapor  pressure  of  Hgl2  must  be  solved  before  this  material  can  be 
characterized  and  utilized. 

In  summary,  Hg I2  presented  two  serious  obstacles  associated  with  its 
high  vapor  pressure:  first,  the  difficulty  of  controlled  deposition  on  an 
uncooled  substrate,  and,  second,  the  need  to  encapsulate  a deposited  film. 
Neither  of  these  problems  was  satisfactorily  solved. 

2.4.4.  Summary  of  Deposition  Trials 

■ . A few  of  the  best  quality  films  were  selected  for  optical  transmis- 

sion and  thermal  measurements.  Most  of  the  remaining  uncharacterized  films 
are  listed  in  Table  2.4-4,  along  with  the  relevant  deposition  parameters. 
Typically,  three  to  six  samples  were  produced  during  each  deposition.  The 
left  column  indicates  whether  samples  from  each  run  remain  at  the  end  of 
this  program.  Each  deposition  onto  parylene  was  done  simultaneously  with 
five  glass  substrates,  most  of  which  remain.  Therefore,  the  deposition 


parameters  for  characterized  films  such  as  Pbl2-parylene  No.  628A11A  or 
Pbl2-glass  No.  210A9  may  be  obtained  from  the  corresponding  rows  of  this 
table. 
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2.5  Measurement  of  Optical  Properties 

Optical  transmission  measurements  were  made  of  parylene  and  glass 
substrates  and  metal  halide  film-substrate  composites  at  visible  and 
near-infrared  wavelengths,  using  a Beckman  Acta  M-IV  spectrophotometer. 
Temperature  dependent  transmission  measurements  were  made  using  a 
cryogenic  dewar  equipped  with  fused-silica  windows.  The  temperature  of 
the  sample  compartment  in  the  evacuated  portion  of  the  dewar  was  con- 
trolled automatically  by  a cyclic  temperature  control  unit,  using  a 
thermocouple  and  resistive  heater  elements.  The  optical  windows  were 
maintained  free  of  moisture  at  cold  temperatures  by  means  of  heater  ele- 
ments. The  temperature  of  the  samples  was  variable  between  80°K  and  420°K, 
with  temperature  stability  at  a given  setting  of  0.1°C. 

The  samples  were  cemented  onto  support  rings.  Glass  support  rings 
were  used  with  glass  substrates  and  aluminum  support  rings  with  parylene 
substrates.  Slots  were  milled  into  the  back  faces  of  the  support  rings  so 
the  thin  parylene  samples  would  not  be  subjected  to  a differential  surface 
pressure  when  placed  upon  a flat  surface.  Each  support  ring  could  be 
fitted  into  a cylindrical  groove  in  the  end  face  of  a cylindrical  brass 
mount,  as  illustrated  in  Figure  2.5-1,  and  locked  in  place  with  a set- 
screw. The  brass  mount  provided  thermal  mass  in  contact  with  the  support 
ring.  A portion  of  the  flat  end  face  of  the  cylindrical  brass  support  ex- 
tended beneath  each  sample,  inside  the  support  ring's  circumference. 

Because  of  the  fragile  nature  of  the  parylene  films,  a clearance  of  0.005 
inches  was  maintained  between  the  bottom  surface  of  each  substrate  and  the 
underlying  end  face  of  the  brass  mount.  This  was  accomplished  by  making 
the  depth  of  the  cylindrical  groove  0.005  inches  less  than  the  thickness 
of  the  support  ring.  This  area  in  near-contact  with  the  bottom  surface  of 
the  sample  was  intended  to  give  more  uniform  heat  transfer,  and  thus  guaran- 
tee a constant  temperature  profile  across  the  sample. 

A hole  along  the  axis  of  the  cylindrical  brass  mount  provided  a clear 
aperture  of  one-half  inch  diameter  for  each  sample.  The  brass  mount  was 
inserted  into  a brass  housing  which  was  attached  to  the  bottom  of  the  cryo- 
genic well.  Two  resistive  heaters  and  a thermocouple  for  temperature 
control  were  located  in  the  brass  housing. 
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Dewar,  top  portion 


Figure  2.5-lb.  Front  row  from  left:  (aluminum  ring  with  Pb^-glass  sample, 
(2)  back  surface  of  glass  ring,  (3)  back  surface  of  aluminum  ring;  Back  row 
from  left:  (4)  Pbl^-glass  sample  on  aluminum  ring  inserted  in  brass  mount, 
(5)  brass  mount  for  optical  transmission  measurements,  (6)  brass  mount  for 
thermal  measurements. 

Figure  2.5-1.  Support  rings,  cylindrical  brass  mount,  and  brass  housing 
on  cold  finger  of  optical  dewar. 


Top  portion  of  cryogenic  dewar,  showing  brass  housing  at 
bottom  of  cold  finger,  containing  brass  sample  mount. 


Figure  2.5-la 


1 


Experimental  values  of  transmission  and  wavelength  are  listed  on 
each  transmission  curve.  Corrected  values  of  these  data  points  are 
analyzed  by  computer  to  obtain  the  thickness  and  refractive  index  of 
each  film.  The  first  column  of  each  data  list  gives  the  wavelengths  in 
microns  and  the  second  column  the  ordinate  in  inches  X10"\  as  read 
directly  from  each  chart.  Corrections  must  be  applied  to  both  these 
readings  to  obtain  correct  values  of  wavelength  and  transmittivity.  The 
actual  wavelengths  are  off-set  a small  amount  from  chart  values  as  deter- 
mined by  comparing  chart  abscissa  values  to  readings  from  the  dial  of  the 
spectrometer  section.  The  magnitude  of  this  wavelength  off-set  depends 
upon  the  scan  speed  used.  For  a scan  speed  of  one  nm/second  with  a chart 
scale  of  50  nm/inch,  commonly  used  with  the  scans  from  900  to  350  nm,  the 
true  wavelength  was  smaller  than  the  chart  value  by  constant  difference 
of  2 nm.  Corrected  wavelength  values  are  listed  in  the  fourth  column  of 
data  on  each  chart. 

A calibration  curve  for  100%  transmission  with  no  sample  was  taken  a 
minimum  of  every  four  hours  and  at  the  beginning  and  end  of  each  series  of 
measurements,  to  check  for  drift  in  the  system's  response  and  to  allow 
corrections  for  spectral  sensitivity.  Each  calibration  curve  was  made  with 
the  one-half-inch-i .d.  brass  mount  in  place,  so  the  aperture  was  the  same  as 
for  the  samples.  This  100%  calibration  data  is  listed  in  the  third  data 
column  on  each  transmission  curve.  Zero  transmission  corresponds  to  the 
lowest  coarse  horizontal  grid  on  the  chart,  unless  otherwise  indicated. 

The  correct  values  of  transmittivity,  listed  in  the  fifth  data  column,  are 
given  by  the  following  procedure.  The  samples  are  known  to  be  non-absorbing 
at  wavelengths  around  800  nm,  so  the  transmission  peak  at  the  wavelength 

*max  closest  t0  800  nm»  was  taken  t0  be  T(\nax)  in  true  value-  The  trans_ 
mission  values  at  other  wavelengths  were  normalized  to  this  reference  value, 

by  dividing  each  experimental  Texp(*)  by  Texp^Amax^’  w1th  both  1n  unlts  °T 
10  inches  of  vertical  chart  amplitude.  The  spectral  response  of  the  instru- 
ment was  taken  into  account  by  further  multiplying  this  result  by  the  ratio 
(*)•  The  true  transmission  T(A)  at  wavelength  A is  then 

Ca  I ITlaX  Ca  I 


T(A) 


Texp^  Tcal^Amax^ 
^cal^  Texp^Amax^ 


(2. 5. 0-1) 


These  corrected  values  of  transmission  are  listed  in  the  fifth  data  column 
on  each  transmission  curve. 
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2.5.1  Optical  Properties  of  Parylene-N  Substrates 

N-type  parylene  Mas  selected  as  the  thin  substrate  for  Pbl2  films 
because  of  the  close  match  of  linear  thermal  expansion  for  these  two 

Li 

materials.  The  parylene  membranes  were  purchased  from  Union  Carbide 
Corporation.  Taut  membranes  were  mounted  onto  aluminum  support  rings 
supplied  by  the  Rockwell  Electronics  Research  Center.  Slots  had  been 
milled  Into  the  back  surfaces  of  the  support  rings  to  prevent  development 
..  of  differential  pressure  on  the  surface  of  the  membrane  when  samples  are 

placed  on  a flat  surface  or  In  their  containers.  Holes  were  drilled  Into 
the  plastic  storage  containers  to  prevent  differential  surface  pressure 
when  the  containers  are  opened  or  closed.  Table  2.5-1  lists  some  relevant 
physical  properties  of  N-type  parylene,  along  with  those  of  aluminum  and 
Pbl2. 

rr 

The  thicknesses  of  the  twelve  parylene  samples  procured  were  about 
2000  A.  Table  2. 5*2  lists  a brief  history  of  each  sample,  labeled  X,  A 
B,  ...  through  L,  during  the  deposition  and  characterization  phases  of 
the  experiments.  The  samples  were  stored  In  Individual  protective  plas- 
tic containers  and  handling  was  confined  as  much  as  feasible  within  a 
dust-free  hood. 

The  optical  transmission  of  each  parylene  sample  was  measured 
*-  prior  to  any  further  treatment  or  handling.  These  transmission  character- 

istics were  then  analyzed  to  obtain  the  thickness  and  the  refractive 
Index,  Including  dispersion,  of  each  sample  over  the  wavelength  range 
800  nm  to  350  nm.  All  the  samples  were  thus  characterized  at  25°C. 

Sample  K was  also  characterized  over  a range  of  temperatures  from  0°C 
to  100°C  In  order  to  check  the  temperature  dependence  of  the  refractive 
Index  and  the  Influence  of  thermal  cycling  on  the  physical  properties  of 
parylene  films. 

The  transmission  characteristics  are  shown  In  Figures  2.5-3  through  2.5-16. 
Wavelengths  longer  than  800  nm  and  shorter  than  350  nm  are  Ignored  In  the 
analysis  of  these  data.  The  photomultiplier's  spectral  sensitivity  drops 
rapidly  at  the  longer  wavelengths  and  the  light  Intensity  from  the  tungsten 
source  drops  rapidly  at  the  shorter  wavelengths,  so  that  reliable  data  Is 
limited  to  the  range  800  - 350  nm.  (The  spectrophotometer  can  be  used  at 
shorter  wavelengths  by  engaging  a deuterium  light  source  and  at  longer 
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wavelengths  by  engaging  a PbS  photodetector.  Since  these  other  ranges 
required  removing  samples  and  re-calibrating  the  instrument,  and  the  800  - 
350  nm  range  contained  sufficient  information,  measurements  were  restricted 
to  these  wavelengths.) 


PHYSICAL  PROPERTY 

PARYLENE-N 

| 

ALUMINUM 

Thermal  Conductivity  k j 

(watt/cm-°C) 

1 .255xl0"3 

2.4  x 10"3 
pressed(40) 

0.5 

Coefficient  of  Linear 
Thermal  Expansion  (°C)" 

6.9xl0"5 

3 x 10‘3 
average(40) 

2.5xl0"5 

Specific  Heat 

0.20  to  0.21 

0.174  (40) 

0.22 

Density  (gm/cm  ) 

1.12 

5.625 

Optical  Transparency 
Wavelength  Range  (pm) 

0.28  to  3.3 

0.52  to 

Refractive  Index 
n„  (Na) 

1.661 

2.84  (13) 

Glass  Transition 
Temperature  for 

Creep  (°C) 

j 67  to  77 

Melting  Temperature  (°C) 

405 

TABLE  2.5-1  Physical  Properties  of  Parylene-N  in 

Comparison  to  Pbl0  and  Aluminum  (Ref.  42) 


0 I 

table  2.5-2 


PARYLENE-N  FILMS  PROCURED  AND  THEIR  DISPOSITIONS  DURING  CHARACTERIZATION  STUDIES. 


■ 

FILM 

SUBSTRATE  TEMP.  (°C) 
DURING  Pbl2 
DEPOSITIONS 

AVERAGE  Pbl» 
GROWTH 

RATE  A/MIN. 

HISTORY 

(1) 

0627A1 1 X 

144 

1350 

Ruptured  after  Pbl2  deposition. 

(2) 

0628A11A 

23 

70 

Characterized  with  Pblofilm. 
Ruptured  during  thermal  tests. 

(3) 

0703A2B 

50 

250 

Wrinkled,  tom  after  Pblo 
deposition.  Touched  with  T.C. 
before  growth. 

(4) 

0705A2C* 

52 

170 

Ruptured  during  thermal  tests. 

(5) 

0707A2D* 

41 

70 

Ruptured  during  thermal  tests. 

(6) 

E 

"Burst"  during  handling. 

(7) 

F 

"Burst"  during  handling. 

(8) 

0803A2G 

150 

50 

Torn  before  characterization  - 
too  much  tension. 

(9) 

H 

"Burst"  during  handling. 

(10) 

0808A2I 

57 

70 

Torn  before  characterization  - 
too  much  tension. 

(ID 

0808B2J* 

147 

70 

Wrinkled  as  received  - 
characterized  with  Pblo  film. 
Ruptured  during  thermal  cycling 

(12) 

0809A2K* 

147 

50 

Wrinkled  as  received  - 
characterized.  Ruptured  during 
thermal  tests. 

NOTE:  Letter  suffix  X,  A,  B K indicates  the  series  of  parylene  films 

purchased  from  Union  Carbide  Corp.  Some  of  them  "burst"  for  no 
obvious  reason  while  others  survived  much  handling,  in  and  out  of 
holders  for  optical  characterization  and  Pb^  depositions.  The 
stress,  as  noted  by  the  Increase  or  addition  of  wrinkles  in  some 
of  the  films,  changed  while  they  were  In  storage. 

♦Film  became  more  taut  following  Pbl2  deposition  after  exposure  to  air. 
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FIGURE  2.5-3.  Transmission  of  Parylene  Film  A. 


FIGURE  2.5-4.  Transmission  of  Parylene  Film  B 
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Transmission 


Transmission  of  Parylene  Film  J 


-10.  Transmission  of  Parylene  Film  K at  25°C 


-11.  Transmission  of  Parylene  Film  K at  0. 
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FIGURE  2.5-16.  Transmission  of  Parylene  Film  K at  25 


The  transmission  of  a parylene  film  of  thickness  D bounded  by  air 
on  both  sides  and  with  the  optical  beam  at  normal  Incidence  Is: 




l-a(X)  cos[4irn(X)D/X] 


(2. 5. 1-1) 


where  TQ  and  a are  defined  as 


T0(X)  = 16  n(X) 


[n(X)  + 1]  + [n( X)  - 1] 


(2. 5. 1-2) 


a(X)  = 2[n(X)+l  r[n(X)-l  r 

[n(X)+l ]4  + [n ( X ) - 1 ]4 


(2. 5. 1-3) 


The  refractive  index  is  assumed  to  vary  with  wavelength  as  follows: 

n(X)2  = nQ2  + SX2  _ , (2. 5. 1-4) 

X -Xo 

2 2 
where  nQ  is  one  plus  the  sum  of  contributions  to  n(w)  at  ultraviolet 

frequencies,  XQ  = 0.28y  corresponds  to  the  onset  of  electronic  transitions 

in  the  ultraviolet,  and  S is  the  oscillator  strength  for  the  transition  at 

XQ.  Initial  guesses  for  the  parameters  D,  nQ  and  S may  be  made  based  upon 

Eq.  (2. 5. 1-1)  and  the  experimental  transmission  curves.  The  transmission 

curves  should  exhibit  extrema  at  wavelengths 


X(m)  = 4nD/m 


(2.5. 1-5) 


where  m is  an  odd  integer  for  minima  and  an  even  integer  for  maxima  in 
the  transmission  characteristic.  The  maximum  value  for  T(x)  is  1.0,  while 
the  minimum  is 


Min  (T)  = 


(nSl  Y 


(2. 5. 1-6) 


An  estimate  of  the  refractive  index  over  a limited  wavelength  range  can 
then  be  obtained  from  the  depth  of  the  minimum  in  the  transmission  curve 
as  follows: 
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!r  2 1/2  )1/2 

■ ]J  } • (2. 5.1-7) 

With  the  refractive  index  calculated  from  the  minimum  transmission  value, 
the  thickness  D can  then  be  calculated  using  the  wavelength  A^  at  which 
the  minimum  occurs,  provided  the  order  m can  be  accurately  specified.  The 
values  of  n(x)  at  the  wavelengths  of  the  other  transmission  extrema  are 
calculated  using  this  value  of  D.  The  results  of  these  approximations  are 
listed  for  the  parylene  samples  in  Table  2.5-3. 

Table  2.5-4  lists  the  values  of  D,  n0  and  S which  give  the  best  fit  of 
Eq.  2. 5. 1-1  to  the  experimental  transmission  curves.  The  transmission  data 
was  digitized  and  analyzed  by  computer  at  wavelengths  between  800  nm  and 
350  nm.  The  three  parameters  D,  n0  and  S were  varied  systematically  until 
a least-squared-deviation  analysis  indicated  "best-fit  values."  The  normal- 
ization T(Amax)  = 1.0  was  used  for  Amax  = 650  nm  in  each  transmission  curve. 

The  uncertainties  in  Table  2.5-4  represent  one-half  the  smallest 
increment  used  in  varying  the  associated  parameter  in  order  to  fit  the  data 
to  theory.  The  magnitude  of  the  sum  of  squared  deviations  is  also  listed 
and  may  be  loosely  interpreted  as  a measure  of  the  quality  of  the  curve 
fitting.  The  thicknesses  of  the  parylene  samples  averaged  2054  A,  with  the 
thinnest  sample  at  2020  A,  and  the  thickest  2115  K.  This  range  of  thick- 
nesses is  not  surprising  in  view  of  the  varying  degrees  of  tautness  and 
"wrinkling"  among  different  samples. 

As  a final  check  on  the  accuracy  of  our  values  of  n0  and  S,  trans- 
mission curves  for  0.51  u thick  parylene-N  films  published  in  the  supplier's 
literature  were  analyzed.  The  more  detailed  transmission  fringes  of  this 
thicker  sample  should  provide  more  precise  refractive  index  values  than 
for  our  0.2  y thick  samples,  for  which  only  three  extrema  are  observable 
at  visible  wavelengths.  The  extrema  and  corresponding  values  of  n(x)  calcu- 
lated from  Eq.  (2. 5. 1-5)  are  listed  in  Table  2.5-5. 

It  is  noted  that  the  refractive  indices  of  Table  2.5-5  calculated  from 
transmission  extrema  are  consistently  higher  than  the  value  n(.5893  y)  = 

1.661  reported  in  the  supplier's  literature.  However,  this  may  be  due  to 
the  uncertainty  of  one  percent  in  the  0.51  y thickness  specified  for  the 
sample. 


l 
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Optical  Transmission  Curves. 


» 


TABLE  2.5-5 


3 

:] 

0 


Transmission  extrema  for  0.51  p thick  parylene  film,  taken  from 
Figure  5 of  reference  42.  Refractive  index  is  calculated  for 
each  extremum  wavelength. 


»(m)(u) 

m 

n(x(m)) 

n 

.8706 

D 

1.684 

j 

-t 

.5701 

B 

1.677 

j 

.4881 

1.675 

n 

.4297 

1.685 

- * 

.3853 

B 

1.700 

.3531 

B 

1.731 

n 

The  parylene  films  were  to  be  heated  to  temperatures  as  high  as 
150°C  during  Pbl?  depositions  and  50°C  during  characterization  of  Pb^ 
overlayers.  Therefore,  it  was  of  interest  to  determine  beforehand  the 
influence  of  temperature  cycling  upon  the  optical  properties  of  parylene. 
Sample  K was  cycled  through  temperatures  between  0°C  and  100°C,  and  the 
transmission  measured  at  temperatures  shown  in  Figures  2.5-10  through 
2.5-16  and  listed  in  Table  2.5-4.  Both  the  figures  and  the  data  in  the 
Table  follow  the  chronological  order  of  the  temperature  cycling.  Note 
that  the  transmission  peak  at  663  nm  disappeared  at  75°C,  then  re- 
appeared subsequently  at  temperatures  of  25°C  and  100°C.  This  behavior 
may  be  related  to  the  glass  transition  temperature  for  the  onset  of 
creep,  which  is  between  67°C  and  77°C  for  N-parylene.  Although  the 
sample  could  not  be  directly  observed  during  the  transmission  scan  at 
75°C,  it  is  presumed  that  the  film  either  sagged  or  became  wrinkled, 
therefore  producing  the  "peculiar"  transmission  curve  of  Figure  2.5-13. 


' 


In  order  to  make  a direct  comparison  between  refractive  indices 
obtained  from  transmission  extrema  and  those  calculated  from  the  dispersion 
analysis,  the  data  in  Table  2.5-4  were  used  to  calculate  n(x)  from  Eq.  2.5. 
1-4  at  the  extrema  wavelengths  x(m)  (m  = 2,3  and  4)  given  in  Table  2.5-3  for 
SamplesA,  J and  K.  These  calculated  refractive  indices  are  listed  in  the 
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right-most  column  of  Table  2.5-4.  After  each  calculated  refractive  index 
is  listed  the  percentage  difference  with  the  value  obtained  from  the  depth 
of  the  transmission  fringe  listed  in  Table  2.5-3  for  the  same  wavelength. 

The  refractive  indices  obtained  by  the  two  methods,  transmission 
fringe  analysis  and  computerized  curve  fitting,  agree  within  0.06  percent 
to  2 percent.  This  agreement  is  unexpectedly  close,  considering  that  the 
transmission  fringe  analysis  actually  gives  an  average  refractive  index 
over  a range  of  wavelengths  between  successive  maxima  and  minima.  For  the 
sake  of  further  comparison.  Figure  2.5-17  shows  the  theoretical  transmission 
curve  for  parylene  Sample  A,  using  the  dispersion  parameters  and  thickness 
given  in  Table  2.5-4.  Direct  comparison  with  Figure  2.5-3  shows  the  two 
curves  are  essentially  identical. 
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Figure  2.5-17.  Theoretical  Transmission  Curve  for  Parylene  Sample  A With  Best-Fit 
Values  of  D,  nQ  and  S from  Table  2.5-4. 


2.5.2  Optical  Properties  of  Glass  Substrates 

Hie  substrates  used  for  Hgl2  films  and  for  trial  depositions  of  Pbl2 
films  are  borosilicate  microscope  cover  glass.  No.  12-546-2,  purchased 
from  Fisher  Scientific.  The  thicknesses  of  the  glass  samples  are  200  + 6 
microns,  as  determined  by  microcaliper  measurements  of  twenty  selected  at 
random.  Thirteen  of  these  slides  were  lapped  and  polished  chemo-abrasively 
to  a thickness  of  18  ± 1 microns  to  be  used  as  Hgl2  substrates. 

The  refractive  index  and  its  dispersion  were  determined  by  analyzing 
the  transmission  curve  of  Figure  2.5-18.  The  average  transmission  for  a 
thick  sample  is 

T = 16  n--0  - . (2. 5. 2-1) 

(n+1  r 

It  is  assumed  that  the  sample  is  sufficiently  thick  that  interference 
effects  are  not  observable,  and  only  reflection  at  the  two  surfaces 
accounts  foT  the  transmission  loss  through  the  sample. 

Refractive  index  values  calculated  from  the  corrected  transmission 
values  Tcorr  and  Eq.  (2. 5. 2-1),  are  plotted  as  dotted  data  in 
Figure  2.5-19.  These  experimentally  determined  values  of  n are  analyzed 
using  the  dispersion  equation  2. 5. 1-4  and  the  method  of  least  squared 
deviations  to  obtain  the  dispersion  parameters  nQ  and  S.  The  wavelength 
for  the  high-frequency  resonance  for  glass  was  taken  to  be  0.168y,  con- 
sistent with  the  ultraviolet  absorption  edge  of  borosilicate  glass.  The 
refractive  index  of  the  glass  substrate  is  then  given  by  the  positive  square 
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n(X)2  = 1.3242  + °;46~ — , (2. 5. 2-2) 

- (0.168yr 

which  is  plotted  as  the  solid  curve  in  Figure  2.5-19.  This  expression  is 
used  to  characterize  the  glass  substrate  when  analyzing  optical  properties 
of  metal  halide  films  on  glass  substrates  in  the  following  sections. 


2.5.3  Optical  Properties  of  Pbl2  Films  on  Glass 

Although  parylene-N  was  intended  as  the  thin  substrate  for  Pbl2  films, 
a number  of  Pbl2  depositions  were  made  on  glass  substrates  in  order  to 
optimize  deposition  parameters  such  as  rate  of  growth, substrate  temperature, 
and  the  amount  of  source  material  required  to  produce  a given  film  thickness. 
These  optimization  experiments  were  more  conveniently  performed  on  glass 
substrates  because  of  the  fragility  and  higher  cost  of  parylene  membranes. 
Initially,  optical  characterization  was  performed  on  these  Pbl2  on  glass 
samples,  including  measurement  of  the  temperature  dependence  of  the 
absorption  edge.  The  most  significant  differences  anticipated  between  these 
samples  and  the  Pbl2  films  on  parylene  would  be  caused  by  stresses  arising 
from  the  different  coefficients  of  linear  thermal  expansion  of  Pbl2  and 
glass.  The  influence  of  stress  is  an  important  consideration  in  selection 
of  substrate  materials,  and  complete  characterization  of  Pbl2  on  glass 
samples  should  provide  useful  information  about  the  consequences  of  using 
other  thin  polymer  substrates  such  as  nitrocellulose  which  are  also  not 
well  matched  in  thermal  expansion  to  the  Pbl2  film. 

The  transmission  spectrum  of  Pbl2  on  glass  samples  was  measured  at 
temperatures  between  -196°C  and  50°C.  The  Pbl2  film  thicknesses  were 
approximately  0.2p,  as  verified  by  profilometer  measurements.  The 
substrates  were  200p  thick  borosilicate  glass  microsheets,  circular  in 
cross  section,  with  a one  inch  diameter.  The  optical  properties  of  the 
glass  at  25°C  are  reported  in  the  previous  section. 

The  configuration  under  consideration  is  illustrated  in  Figure  2.5-20, 
The  transmission  of  a thin  film  on  a thick  substrate  is  given  by 

T = — n ; r—jPnr T~, , (2, 5. 3-1) 


where 


[ (n,  + l)2(n,  + nj  + (n,  - l)2(n,  - nj  ] 


(2. 5. 3-2) 


2(n2+l)(n2-l)(n2+n3Xn2-n3) 

[ (n2  + 1 )2(n2  + n3)2  + (n2  - l)2(n2  - n3)2  ] 


(2. 5. 3-3) 


-65- 


Figure  2.5-20.  Configuration  for  optical  transmission  of  a thin  (D  = 0.2y) 
metal  halide  film  on  a thick  (200y)  glass  substrate. 


The  refractive  indices  are  n2  for  the  Pbl2  film  of  thickness  D and  n3  for  the 
glass  substrate.  T31  is  the  transmission  factor  for  the  glass  to  air  surface. 
Interference  effects  from  multiple  reflections  are  considered  only  in  the 
thin  Pbl2  film.  Nonuniformities  in  thickness  and  a minute  amount  of 
curvature  in  the  sample  diminish  the  amplitude  of  any  interference 
structure  due  to  multiple  reflections  within  the  thick  glass  substrates. 
Interference  structure  from  the  substrate  actually  is  observed  in  high- 
resolution  scans,  with  peaks  separated  by  AX  = 7A  corresponding  to 
n2D  = 300y,  but  the  peak-to-peak  amplitude  of  this  transmission  structure 
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Is  smaller  than  one  percent.  Therefore,  for  faster  scans  with  lower 
resolution,  interference  structure  arising  from  the  thick  substrate  Is 
missing  altogether,  and  the  transmission  formula  Is  corrected  only  for 
the  reflection  loss  at  the  glass  to  air  surface. 

For  wavelengths  at  which  absorption  is  negligible  and  n2  Is  pure 
real,  extrema  In  the  transmission  spectrum  occur  at  wavelengths  given  by 


X(m)  = 4n2  D/m  , (2.5.3-51 

where  m - 0,  2,  4,  6,  for  maxima  and  m = 1,  3,  5,  7 for  minima. 

The  maximum  possible  transmission  is  given  by 

16  n 2 

Max  (T)  = — t , (2.5.3-61 

("3  + ’> 

independent  of  the  value  of  n2>  The  minimum  transmission  values  are  given 
by 


Min  (T)  = 


2 2 
16  n2  n3 

(n22  + n3)2  (n3  +1)2 


(2. 5. 3-7) 


Just  as  for  the  case  of  the  single  slab,  the  difference  between  maximum 
and  minimum  values  of  T depends  upon  n2,  independent  of  D,  as  given  by  the 
following  equation 

1/2 

4 n32(n3  - l)2  + n3(n3  + l)4  AT 

"3*  * <"3  * ’>4  « } 
where  AT  is  defined  as  Max(T)  - Min(T).  Therefore,  n2  is  calculated  from 
Max(T)  - Min(T),  and  D then  can  be  found  from  the  transmission  extrema 
and  Eq.  2. 5. 3-5. 

Consider  the  transmission  curve  for  Pbl2  on  glass  sample  No.  210A9 
in  Figure  2.5-21.  The  peak  transmission  at  632  nm  wavelength  is  theoretically 
92.18  percent,  calculated  from  Eq.  2. 5. 3-6,  using  n3  = 1.499  calculated 
from  Eq.  2. 5. 2-2  of  the  previous  section.  This  value  is 
^theory  ^max^  for  this  Particular  transmission  curve.  This  compares  to  an 
experimental  peak  at  that  wavelength  of  Texp(Amax)=0.919.  In  order  to  correct 
for  systematic  errors  in  the  absolute  transmission  values,  the  experimental 
transmission  value  is  renormalized  by  the  ratios  of  theoretical  to  experimental 
transmlttivities  at  A v and  the  change  in  spectral  sensitivity  indicated  by 
the  100  percent  transmission  calibration  curve. 


2 n3(n3+l)+J 

f16 
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IT  , 


T (X)  = T 


exp 


/,x  Ttheory  ^max^ 

vx)  * "t  Ya V 

exp  lAmax' 


Tcal  ^max^ 
Tcal  <X> 


(2. 5. 3-9) 


The  corrected  wavelengths  and  transmission  values  are  listed  on  each  trans- 
mission spectrum,  just  as  previously  in  Section  2.5.1  for  parylene 
membranes . 

The  refractive  index  n2  of  Pbl2  is  calculated  from  corrected  values 
of  transmission  T(X)  at  the  wavelengths  for  maxima  and  minima  indicated  in 
Table  2.5-6.  The  order's  m are  determined  from  the  frequency  intervals 


, Extrema 

Corrected 

T (X(m)  ) 

ES&B 

Thickness  D(y) 
from  Eq.  (2. 5. 3-5) 

m 

mrnrnm 

3 

783. 

0.5693 

2.604 

0.22 

4 

630. 

0.9218 

5 

542. 

0.4757 

2.975 

0.23 

Computer 
Best- Fit 
Parameters 
for  Pbl2 


D = 0.2220  + 0.0010  y 

nQ  = 2.698  + 0.001 

S = 0.265  + 0.002 

Xo£  = 0.5120  y 


Table  2.5-6  Thickness,  refractive  index  and  its  dispersion  for  Pbl2  on 
glass  film  No.  210A9  at  30°C,  by  analysis  of  transmission 
extrema  and  by  computerized  curve  fitting  over  the  wave- 
length range  800  nm  to  540  nm. 

(ratios)  of  adjacent  extrema.  Refractive  indices  calculated  from  Eq. 

2. 5. 3-8  are  average  values  for  each  of  the  two  wavelength  ranges  indicated. 

The  Pbl2  film  thickness  is  calculated  from  Eq.  2. 5. 3-5  using  the  two  longer- 

wavelength  extrema  for  which  absorption  should  be  negligible.  Independent 

thickness  measurements  using  a profilometer  indicate  a thickness  of  the  order 

of  0.2y,  in  rough  agreement  with  these  optical  measurements.  The  refractive 

indices  in  Table  2.5-6  are  somewhat  lower  than  the  values  3.6  to  6.7  reported 

by  Tubbs,  or  2.8  to  3.7  reported  by  Imai , or  3.1  to  3.6  reported  by 

10  13  20 

Buckman  and  Hong  for  the  same  range  of  wavelengths.  ’’ 
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The  complex  refractive  index  n + Ik  of  Pbl2  is  given  by  the  square 
root  of  the  complex  dielectric  constant  er  + ie^  which  satisfies 

N 

- , „ 2 ♦ Y,  Sm  X2  (X2  - xj)  (2.5.3-10) 


r o 


and 


m=l 


(A*"-A  + (A  ^ A/A 

lA  Aom  ; 'Aom  A/AGm; 


S„  >2  Xom2  >/XGm 
1x2  -Xom2>2  * <xom2  X/XGm>2 


(2.5.3-11) 


where  nQ  was  previously  defined,  Sm  is  the  oscillator  strength  for  the  m'th 
electric  dipole  resonance  at  free-space  wavelength  AQm,  and  Agm  is  a damping 
parameter  defined  such  that  2irc/Agm  is  the  damping  rate  for  the  m'th  resonance. 

At  wavelengths  much  larger  than  fundamental  absorption  edge  values,  damping  is 
assumed  to  be  very  small  and  e.  = 0.  Therefore,  at  wavelengths  between  0.8p 
and  0.54y,  well  beyond  the  fundamental  absorption  edge  just  below  0.52p, 
experimental  transmission  curves  of  Pbl2  are  analyzed  using  Eqs.  2. 5. 3-1, -10, 
and  -11  with  the  Pbl2  film  thickness  D and  the  parameters  nQ  and  S varied  to 
give  best  agreement  between  theory  and  experiment.  Ag  is  set  equal  to  infinity 
and  Aq  = 0.5120y  for  this  long-wavelength  analysis,  and  pure  real  values  are 
obtained  for  the  refractive  index  and  its  dispersion.  The  value  of  AQ  cannot 
be  identified  precisely  by  inspection  of  the  transmission  curves.  However, 
a small  error  in  assignment  of  AQ  does  not  introduce  significant  error  in 
analysis  of  long-wavelength  data  to  obtain  D,  nQ  and  S.  For  the  purpose  of 
comparison,  the  fundamental  absorption  edge  of  Pbl2  at  25°C  has  been  previously 
reported  to  be  0.4919p  by  Imai , 0.5120y  for  the  ordinary  ray  and  0.4920y  for 


the  extraordinary  ray  by  Tubbs,  and  0.510y  for  oriented  polycrystalline  films 

ii  in  g 

by  Tubbs.  ’’  Best-fit  values  are  calculated  for  D,  nQ  and  S by  performing 
a least-squared-deviation  analysis  of  the  long-wavelength  transmission  data  by 
computer.  For  example,  for  the  curve  at  30°C  in  Figure  2.5.3-29  the  best-fit 
values  are  D = 0.2220y,  nQ  = 2.698.  and  S = 0.265,  calculated  by  analyzing 
the  transmission  data  between  0.540vi  and  0.800y  with  AQ  = 0.5120y.  A 
theoretical  transmission  curve  based  upon  these  values  is  shown  in  Figure 
2.5.3-30  to  illustrate  the  agreement  between  experiment  and  theory  at  long 
wavelengths.  The  dispersion  formula  Eq.  2. 5. 2-2  is  used  for  the  refractive 
index  of  the  glass  substrate. 


For  wavelengths  covering  the  absorption  edge,  two  terms  (N=2)  must 

be  included  in  Eqs.  2.5.3-10  and  -11  to  describe  the  observed  transmission 

characteristics.  There  is  a transmission  minimum  at  about  0.498y  wavelength, 

in  addition  to  the  short-wavelength  cut-off  of  the  absorption  edge  where  the 

transmission  becomes  zero  at  0.435y  for  30°C  temperature.  The  minimum  at 

9-19 

0.498y  has  been  previously  Identified  as  an  exciton  transition.  This 

exciton  is  neither  tightly  nor  loosely  bound,  but  is  of  an  intermediate  type, 

and  is  believed  to  be  associated  with  defect  structures  in  Pbl2 - The  strength 

of  this  absorption  feature  increases  very  sharply  as  the  temperature  decreases 

from  0°C  to  -175°C,  and  the  wavelength  at  which  the  minimum  occurs  appears  to 

shift  to  smaller  values  at  the  lower  temperatures.  These  results  are  in 

agreement  with  the  transmission  data  reported  by  Imai  for  temperatures  over  the 
1 3 

the  same  range.  Again,  for  the  sake  of  comparison  between  experiment  and  theory. 
Figure  2.5-30  shows  the  theoretical  transmission  calculated  for  absorption  edge 
wavelengths  between  .5500y  and  0.4000y  using  the  best-fit  parameters  D = 0.2220y, 
nQ  = 2.698,  = 0.04,  A^  = 35.  y,  S2  = 1-2,  and  Aq2  = 16.  y from  Table 

2.5-7,  with  Aqi  = 0.4980y  and  \>2  = 0 .4430y  as  taken  from  the  experimental 
transmission  curve. 

The  procedure  for  analyzing  the  absorption  edge  is  to  first  fit  the 
transmission  values  to  theory  using  only  the  fundamental  edge  parameters  S2, 

Aq2  and  Aq2  = 0.435y,  with  set  equal  to  zero.  Then  and  A^  are 
systematically  varied  along  with  S2  and  Aq2,  using  A -j  = 0.498y,  until  the  best 
fit  is  obtained  which  includes  the  exciton  transition.  It  should  be  noted 
that  even  without  the  exciton  feature  a small  peak  is  calculated  between  0.5y 
and  0.435y  because  of  interference  effects  in  the  film.  An  interference  peak 
may  occur  at  these  wavelengths  because  the  real  part  of  the  refractive  index 
of  Pbl2  varies  rapidly  with  wavelength.  This  interference  peak  complicates 
the  data  analysis  somewhat,  and  makes  necessary  the  low- temperature  trans- 
mission data.  At  low  temperatures,  the  smaller  damping  rate  for  the 
exciton  line  causes  it  to  clearly  dominate  the  short-wavelength  portion  of 
the  absorption  edge. 

Sample  No.  210A9  was  also  characterized  at  other  temperatures  ranging 
from  -175°C  to  50°C.  The  data  between  0°C  and  50°C  were  taken  for  increments 
of  10°C,  because  this  is  the  range  of  primary  interest  for  the  intended 
thermo-optic  imaging  application.  These  transmission  curves  are  shown  in 
Figures  2.5.3-21  through  2.5.3-33.  The  date  and  chronological  order  of 
each  transmission  curve  (month  . day  No.  XX)  are  included  in  the  heading 


| 


) 


’ j 

. J 


] 





-70- 


0. 

Ml?  «l«S  4.04  00.1 

0.400 

0.4)0 

C.444 

0.  748 

0.4)7 

0.744 

0.4)) 

0.446 

9.74) 

0.))| 

0.740 

0.4)4 

0.4)4 

0.768 

o.))' 

0.744 

0.4)) 

0.448 

0.78) 

0.4)1 

0.740 

0.440 

C.446 

0.778 

0 .))? 

0.774 

0.441 

C.444 

O.TM 

0.4)7 

0.770 

0.4)2 

0.444 

0.768 

0.45) 

0.744 

0.4)4 

0.444 

0.76) 

0.4)6 

0.740 

0.4)4 

C.494 

0.7)6 

0.460 

0.74) 

0.))2 

1.000 

0.7)) 

0.46) 

0.7)0 

0.444 

1.004 

0.7)6 

0.470 

o.t«  o.*m 

1.440  0.7))  0.4?) 

0.740 

0.471 

1 .000 

0.7)6 

0.482 

0.7)4 

0.4  74 

I.OCO 

0.?)) 

0.441 

0.7)0 

0.400 

0.444 

n.tit 

0.600 

0.7?) 

0.4)7 

0.444 

0.?2) 

0.610 

0.  7>0 

0.  A04 

C.  44) 

0.718 

0.677 

0.7)4 

0.620 

0.4)0 

0.71) 

0.6)4 

0.7)0 

0.6)4 

0.44) 

0.706 

0.6)6 

0.704 

0.640 

0.444 

0.70) 

0.66) 

0.700 

0.660 

0.44) 

0.646 

0.682 

0.444 

9.604 

C.444 

0.64) 

0.644 

0.4)0 

0.704 

0.44) 

0.686 

0.720 

0.444 

0.77) 

0.4)4 

0.66) 

0.7)4 

0.440 

0.7)6 

0.44) 

0.678 

0.767 

0.0  74 

0,764 

0.4)4 

0.67) 

0.76) 

0.470 

0.  7)2 

0.44) 

0.666 

0.804 

0.444 

0.014 

0.44) 

0.66) 

0.6)2 

0.440 

0.040 

0.44) 

0.6)6 

0.6)) 

0.848 

0.444 

0.84) 

C .))) 

0.877 

0.440 

0.07? 

0.4)4 

0.6)6 

0.644 

0.44* 

0.040 

C.446 

0.6)9 

0.410 

0.440 

0.0)0 

0.4)8 

9.6)6 

0.414 

0.4)4 

0.00? 

0.4)4 

0.699 

0.422 

0.4  4 0 

0.400 

C.  44) 

0.678 

0.414 

0.474 

0.000 

0.4)6 

0.67) 

0.410 

0.470 

0,0  17 

C.444 

0.M6 

0.640 

0.4  | 4 

0.0)7 

0.44) 

0.611 

0.864 

0.410 

0.06) 

0.44) 

0.60* 

0.681 

0.40* 

0.  700 

0.446 

0.609 

0.747 

0.400 

0,7)7 

0.447 

0.646 

0.74) 

0.4)4 

0,700 

0.444 

4.S4) 

0.714 

0.4)0 

0.6*7 

C.444 

0.  ) 66 

0.67) 

0.4)4 

0.6(0 

0.44) 

0.)6) 

0.694 

0.4)0 

0.47) 

3.44? 

0.476 

0.444 

0.474 

0,4)4 

0.441 

0.)?) 

0.461 

0.470 

0.41) 

0.441 

0.)64 

0.424 

0.46  4 

0.)6) 

C.440 

0.669 

0.40) 

0.460 

0.)6) 

0.440 

0.)*8 

0.)?4 

0.444 

0.)40 

0.4)0 

0 .))  9 

0.)6) 

0.440 

0.))1 

C.4'0 

0.*)4 

0.)4) 

0.4)4 

0.))1 

0.440 

0 •))  9 

0.)4) 

0.4)0 

0.)40 

0.4)0 

0.)  36 

0.)6) 

0.4)4 

0.)  77 

0.466 

0.))) 

0.)87 

0.4)0 

0.410 

0.4*6 

0.)>6 

0.41? 

0.474 

0.4)0 

C.464 

0.47* 

0.611 

0.470 

0.664 

0.46* 

0.418 

0.64) 

0.)  1 4 

0.460 

0.46) 

0.41) 

0.480 

0.410 

0.7  40 

0.469 

0.40* 

0.744 

0.404 

0.048 

0.467 

0.40) 

0.10? 

0.400 

0.046 

0.461 

0.)46 

0.048 

6.4)* 

0.047 

C .48 1 

0.)4) 

0.044 

0.))0 

0.048 

0.460 

0.6*6 

0.060 

0.4)4 

0.04) 

C.460 

0.)*) 

0.046 

0.))  7 

>.0)4 

A.O*9 

3.)?6 

0.3)7 

,'.♦*» 

0.747 

).)?> 

3.1)4 

0.)  7 0 

0.070 

C.4f0 

0.46* 

0.00 

0.444 

O.0?l 

0.440 

9.46) 

0.97? 

0.440 

0.914 

0.441 

0.6)4 

0.016 

0.444 

o.ou 

0.441 

0.))) 

0.011 

0.)40 

0.004 

0.441 

0.))8 

0.004 

0.4)4 

0.90) 

C.460 

0.))) 

0.00) 

0.440 

0.4)4 

0.440 

C.460 

I a II . 

niimtaHfflMBna»Mra«MimnMi!fl8Mi 


nut 

OH 


oJ)?4  o;odt  0.474 

0.)?0  0.0  0.470 
0.414  0.0  0.477 
0.410  0.0  0.474 
0.404  0.0  0.474 


0.4?)  6.001 
0.41*  0.0 
0.4|)  0.0 
0.404  0.0 
0.40)  0.0 


Figure  2.5-21.  Transmission  of  Pbl,  on  glass  sample  No.  210A9 
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Figure  2.5-22.  Transmission  of  Pbl„  on  glass  sample  No.  210A9  at  T = -30c 
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Figure  2.5-23. 


Transmission  of  Pbl? 


on  glass  sample  No.  210A9  at  T = 


o.ooi  0.111  n.Mi 
«.W1  0.114  0.110 

0.710  0.D*  o.m 
t.m  o.*™  t.w 

O.T00  0.111  0.111 

0.T71  0,118  C.m 
0.TT0  0,111  C.m 
0.T01  0.110  o.m 

0.700  0.1*1  0.111 
0. Til  0.1*0  1.000 
0.T10  0.114  _l.0C0 
"O.Tl!  0.10?  I.OCO 

0.T4O  0.1T0  i.oro 
0.  Til  0.1TO  1.0C0 
0.T*0  0.101  0.111 
o.7?l  0.111  0.111 
0.TT0  0.00T  0.H1 

o.m  o.on  o.m 
0.710  0.010  O.m 

0.M1  0.011  C.111 
0.TO0  0.001  0.111 
0.011  0.00)  0.111 
C.O10  0. TOO  0.111 
o.Mi  o.tiff  o.m 
o.on  o. t*o  o.m 
0.OT1  0.  TOO  O.m 
0.0T1  0. TOT  0.111 
o.ooi  o.io>  o.m 
0.100  o.»??  o.m 

0.4*1  0.1*0  0.111 

o.oio  o.m  o.m 
o.ooi  o.  ooo  e. ns 

0.0*0  0.1T*  C.111 
0.011  0.1TT  o.m 
0.010  0.1TT  O.m 
o.oti  o.ioi  o.m 

O.0T0  0.*4?  0.1*0 
0.011  0.111  C.111 
*.010  O.TOI  0.110 
0.001  0.  MO  0.111 
0.000  o.  Ml  0.01T 
o.m  o.ait  o.m 
0.110  0.0*0  0.11* 
0.101  0.000  0.111 
0.110  0.ST0  0.11? 
0.1T0  0.000  C.10I 
O.1T0  0.110  0.111 
0.101  0.011  0.1*0 
0.100  o.ooi  0.110 

O.M*  0.0*1  0.110 

0.110  0.001  o.no 
0.101  o.ooi  0.110 
0.100  0.05T  O.m 

0.111  0.0TI  C.111 
0.111  0.110  C.111 
0.1?1  0.1 TO  1.1*0 
0.1TO  0.4TC  c.1*0 
0.111  0. Til  0.1*1 
0.110  0.110  0.1*0 
0.10*  0.0 T*  1.1T1 
0.100  0.010  0.1T1 
0.411  0.00O  C.lTT 
0.410  0.041  0.170 
0.40*  0.014  0.1  TO 
0.400  0.0*1  C.111 
0.47*  0.044  0.1*0 
0.470  0.0)7  0.110 
ff.001  0.010  0.110 
0.4H  0.0??  0.111 
0.411  0.010  C.111 
0.410  0.011  0.111 
0.441  0.000  0.1*0 


Figure  2.5-24.  Transmission  of  Pbl?  on  glass  sample  No.  210A9  at  T = - 1 75°C 
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Figure  2.5-26.  Transmission  of  Pblg  on  glass  sample  No.  210A9  at  T = -100°C. 
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Figure  2.5-28.  Transmission  of  Pbl?  on  glass  sample  No.  210A9  at  T = 20°C 
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Figure  2.5-29.  Transmissi 


of  Pbl?  on  glass  sample  No.  210A9  at  T = 30°C 
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Figure  2.5-31.  Transmission  of  Pbl?  on  glass  sample  No.  210A9  at  T = 40°C. 
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Figure  2.5-32.  Transmission 
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Pbl?  on  glass  sample  No.  210A9  at  T = 50°C 


for  the  data  listing  on  each  figure,  just  in  case  it  becomes  necessary  to 
know  the  thermal  cycling  history  of  the  sample.  The  transmission  curve  of 
Figure  2.5.3-25,  recorded  using  a slow  scan  speed  and  an  expanded  wavelength 
scale,  reveals  the  fine  interference  structure  caused  by  the  finite  thickness 
(200y)  of  the  glass  substrate.  The  amplitude  of  this  fine  structure  is 
considerably  greater  at  -175°C  than  at  room  temperature. 

The  results  of  computerized  analysis  of  the  transmission  curves  are 

summarized  in  Table  2.5-7  for  Pbl2  on  glass  samples  at  temperatures  between 

-175°C  and  50°C.  The  quality  of  fit  of  transmission  data  to  theory  is 

indicated  in  Table  2.5-7  by  the  sum  of  squared  deviations  E which  is 

associated  with  indicated  values  of  D,  nQ  and  S1  with  Aq1  = 0.5120;  and, 

similarly,  E corresponding  to  the  indicated  values  for  S , Ar  and  A 

m lim  om 

(m=l,2).  The  agreement  between  theory  and  experiment  was  reasonably  good  at 
long  wavelengths.  However,  significant  differences  arise  between  experimental 
and  theoretical  transmission  values  at  absorption  edge  wavelengths.  For 
example,  the  interference  structure  below  0.5y  in  Figure  2.5-30  is  more  pro- 
nounced than  in  the  corresponding  experimental  curve  in  Figure  2.5-29. 

Further  effort  was  not  invested  to  obtain  better  agreement  because  (1.) 
interest  for  this  program  is  primarily  centered  upon  Pbl^-parylene  samples, 
and  (2.)  the  experimental  curve  is  too  coarse  in  the  wavelength  scale  for 
precise  analysis  of  the  absorption  edge  behavior. 

Pb^-glass  samples  210A9  and  210A1  were  tested  for  photolytic  decom- 
position of  Pbl2  under  irradiation  by  moderate  intensities  of  light  at 
4880A  wavelength.  Sample  210A9  was  irradiated  in  vacuum  at  a temperature 
of  50°C,  and  sample  210A1  in  vacuum  at  25°C,  with  5 mW/cm^  of  argon  laser 
radiation  at  4880A  wavelength.  Transmission  scans  were  run  before 
irradiation,  after  one  hour  of  irradiation,  and  after  3 hours  of  irradiation. 
These  transmission  scans  are  shown  in  Figure  2.5-33  through  2.5-38,  and  the 
results  from  analyzing  these  curves  are  included  in  Table  2.5-7.  Photolysis 
is  expected  to  give  increased  absorption  at  about  0.55u,  which  would  in  turn  cause 
the  peak-to-peak  amplitude  in  the  transmission  curve  to  diminish  in  this  wave- 
length regime.  No  pronounced  changes  were  noted  in  the  transmission  curves,  and 
we  conclude  that  no  significant  photolysis  occurs  at  this  intensity  level  for  3 
hours  irradiation  at  temperatures  up  to  50°C.  In  view  of  this  apparent  stability 
and  large  amount  of  published  data  on  the  photolysis  of  Pbl2  films,  experi- 
mental emphasis  was  placed  upon  measurement  of  thermal  properties  of  the  films 
rather  than  extensive  photolysis  testing.  Our  results,  insofar  as  they  extend, 
agree  with  results  reported  in  the  literature.9,  19~2^’  33 
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Figure  2.5-33.  Transmission  of  Pb^  on  glass  sample  No.  210A9  at  T 
before  photolysis. 
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Figure  2.5-34.  Transmission  of  Pbl2  on  glass  sample  No.  210A9  at  T = 2 
after  exposure  in  vacuum  to  5 mW/cnr  laser  radiation  at 
4880A  wavelength  for  one  hour  at  50°C. 
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Figure  2.5-35.  Transmission  of  PbU  on  glass  sample  No.  210A9  at  T = 25°C, 
after  exposure  in  vacuum  to  5 mW/crn  laser  radiation  at 
4880A  wavelength  for  3 hours  at  50°C. 
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Figure  2.5-37.  Transmission  of  Pblp  on  glass  sample  No.  210A1  at  T = 25°C, 
after  exposure  in  vacuum  to  5 mW/am  laser  radiation  at  4880A 
wavelength  for  one  hour  at  25°C. 
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Figure  2.5-38.  Transmission  of  PbK  on  glass  sample  No 
after  exposure  in  vacuum  to  5 mW/cni  la 
wavelength  for  three  hours  at  25°C. 


No.  210A1  at  T = 25°C, 
laser  radiation  at  4880A 
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The  real  and  imaginary  parts  n and  k of  the  refractive  Index  are 
plotted  in  Figures  2.5-39  and  2.5-40  as  functions  of  wavelength  for  several 
temperatures,  as  calculated  from  Eqs.  2.5.3-10  and  -11  and  the  best-fit 
parameters  listed  in  Table  2.5-7.  The  real  and  imaginary  components  of 
n+iic  are  calculated  from  er  + according  to  the  following  equations: 


(2.5.3-12) 


(2.5.3.13) 


The  complex  refractive  index  n + i<  is  thus  obtained  for  wavelengths  across 
the  absorption  edge.  The  absorption  coefficient  a(X)  for  each  wavelength  is 
obtained  from  k using  the  equation 

a = 4tt</A  . (2.5.3-14) 

In  the  long-wavelength  tail  of  the  absorption  edge  the  absorption  coefficient 

43  44 

should  obey  Urbach's  exponential  rule  given  by  ’ 

<■■•«  "XP  [-»&(}-  J <2-5-3-'5> 

where  h is  Planck's  constant,  c is  the  phase  velocity  of  light  in  vacuum,  k 
is  Boltzmann's  constant,  aQ  = a (AQ)  at  the  fundamental  absorption  edge 
frequency  2irc/AQ,  and  a is  a phenomenological  parameter  previously  reported 
to  be  about  1.3  for  Pb^.  A semi  logarithmic  plot  of  a versus  1/A,  such  as 
shown  for  sample  21A9  at  0°C  in  Figure  2.5-41,  should  be  a straight  line 
in  the  long-wavelength  edge.  The  slope  of  this  curve  yields  the  steepness 
parameter  o.  However,  the  presence  of  the  exciton  absorption  at  0.5y  wave- 
length complicates  the  interpretation  of  an  "absorption  edge  wavelength  A0", 
as  is  apparent  in  Figure  2.5-41.  Because  of  this  exciton  structure,  it  does 
not  seem  physically  meaningful  to  attach  a specific  value  to  A0,  or  to  specify 
a quantitative  value  for  its  temperature  dependence  dAQ/dT,  Instead,  the 
meaningful  data  is  the  change  in  transmission  with  temperature  at  a specific 
wavelength. 
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2.5.4  Optical  Properties  of  Pbl2  Films  on  Parylene  Membranes 

Some  of  the  Pbl2  on  parylene  samples  were  uniformly  taut;  that  is,  they 
exhibited  little  or  no  sag  and  wrinkles.  The  best  samples.  No.'s  628A11A, 
808B2J,  809A2K,  and  707A2D,  were  selected  for  optical  characterization. 

Transmission  spectra  were  measured  at  temperatures  ranging  from  -175°C 
to  50°C.  For  sample  No.  628A11A,  three  transmission  scans  were  made  for  each 
temperature;  one  over  wavelengths  between  900  nm  and  400  nm  with  a chart  scale 
50  nm/inch  and  scan  speed  one  nm/second;  a second  scan  immediately  following 
at  the  same  temperature,  which  covers  the  absorption  edge  from  600  nm  to  420  nm 
with  a higher  chart  resolution  of  10  nm/inch  and  a scan  speed  of  1/2  nm/second; 
and  a third  scan  at  1 nm/inch  and  1/16  nm/second.  The  third  set  of  data,  taken 
at  a later  date,  is  needed  to  accurately  display  the  temperature  dependence  of 
the  absorption  edge  at  wavelengths  between  525  nm  and  480  nm  with  the  highest 
resolution  of  which  the  spectrophotometer  is  capable.  Spectrophotometer  slits 
are  adjusted  automatically  by  servo-control,  and  the  spectral  resolution  varies 
from  A\  = 0.025  nm  for  high  transmission  values  to  A\=  0.034  nm  at  shorter 
wavelengths  for  which  the  samples  are  opaque.  Most  of  the  first  set  of  data 
curves  for  sample  628A11A  are  included  in  Figures  2.5-44  through  2.5-61. 
However,  because  of  the  sizes  of  the  higher  resolution  scans,  those  detailed 
absorption  edge  data  between  600  nm  and  420  nm  wavelengths  are  presented  in 
condensed  form  in  Tables  2.5-8  through  2.5-23.  The  third  set  of  data,  taken 
with  high  resolution  between  525  nm  and  480,  is  presented  separately  in 
Tables  2.5-24  through  2.5-35,  because  these  measurements  were  made  at  a later 
date  under  different  instrument  calibration  conditions. 

The  2- layer  sample  configuration  is  illustrated  in  Figure  2.5-42.  The 
Pblg  film  has  thickness  D2  and  complex  refractive  index  n2,  and  the  parylene 
film  (substrate)  has  thickness  D3  and  refractive  index  n^.  The  surrounding 
regions  1 and  4 are  assumed  to  be  vacuum,  with  n^  = n4  = 1 . For  an  optical 
beam  at  normal  incidence  the  transmission  T^  is  given  by 


where 

-1(02  + M 

+ n2)(n2  + n3)(n3  + n^)e  + 

i (0p  - 03) 

- n2)(n2  - n3)(n3  + n4)e  + 


teff  = 8 n,  n2  n3 


("i 


- - — 


. .A 
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Figure  2.5-42.  Pbl2~parylene  sample  in  cross-section,  showing  incident 
and^transmitted  beams. 


The  refractive  index  n2  is  complex,  with  lm(n2)>0.  The  theoretical  trans- 
mission curve  Tth(A)  calculated  by  computer,  using  complex  variables.  It 
is  not  convenient  to  analyze  transmission  extrema  to  estimate  thickness  and 
refractive  index,  as  was  done  previously  for  films  on  thick  substrates, 
because  of  the  complexity  of  the  transmission  formula.  However,  a typical 
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theoretical  transmission  curve  is  illustrated  in  Figure  2.5-43  for  the 
parameters  which  were  obtained  by  computer  analysis  of  the  experimental 
transmission  curve  of  Figure  2.5-44.  The  theoretical  transmission  maxima 
may  be  close  to  1.0,  but  they  may  also  be  somewhat  less.  However,  the 
interference  among  sinusoidal  terms  in  the  denominator  of  Eq.  2. 5. 4-2  is 
not  predictable  in  a simple  manner.  Therefore,  a fully  computerized 
analysis  is  required  for  the  experimental  Pb^-on-parylene  transmission 
curves. 

The  refractive  index  n^X.)  for  each  parylene  substrate  is  calculated 
as  a function  of  wavelength,  using  Eq.  2. 5. 1-4  with  the  appropriate  dis- 
persion parameters  and  thickness  taken  from  Table  2.5-4.  It  is  assumed  that 
the  thickness  and  the  optical  properties  of  each  parylene  membrane  are  not 
altered  during  the  Pbl2  deposition.  This  assumption  may  not  be  correct  for 
Pbl2  depositions  made  with  the  parylene  "substrate"  at  elevated  temperatures, 
as  shown  by  the  thermal  cycling  behavior  of  parylene  sample  K in  Section 
2.5.1.  However,  it  must  be  assumed  that  the  properties  of  the  parylene 
are  known  in  order  to  restrict  the  number  of  variational  parameters  for 
transmission  data  analysis  to  a reasonable  value. 

One  source  of  experimental  error  merits  special  consideration.  The 
experimental  transmission  curves  show  some  variation  in  the  vertical  scale, 
between  runs, which  is  caused  by  evacuation  of  the  dewar,  as  well  as  an  occasional 
change  which  is  caused  by  a change  in  sample  temperature;  and  these  changes 
cannot  be  attributed  to  temperature  dependence  of  the  optical  properties  of  Pbl2. 
These  differences  are  caused  by  re-positioning  of  the  sample  in  the  optical  beam, 
which  occurs  during  pump-down  or  during  a large  temperature  adjustment.  The 
sample  holder  is  attached  to  the  bottom  of  the  cryogenic  well,  which  in  turn 
is  part  of  the  top  portion  of  the  dewar.  This  top  portion  is  vacuum-sealed 
to  the  bottom  container  by  seating  upon  a rubber  gasket.  The  optical  beam  is 
a verticle  slit  image  at  the  sample's  position,  and  its  height  closely  matches 
the  aperture  of  the  sample.  The  compressibility  of  the  rubber  gasket  allows  the 
sample  to  shift  downward  during  pump-down,  so  the  area  of  overlap  between  the 
optical  beam  and  the  sample  changes.  The  transmission  at  long  wavelengths  may 
increase  by  as  much  as  five  percent  during  pump-down.  This  influence  was 
compensated  for  by  running  100  percent  calibration  scans  under  the  same  vacuum 
conditions  as  the  samples  in  later  experiments.  This  influence  can  be 
eliminated  altogether  by  modification  of  the  dewar.  However,  some  of  the  data 
presented  here  is  subject  to  this  effect,  which  was  not  fully  appreciated  at 
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the  time  the  measurements  were  being  made.  This  effect  was  also  present  In 
the  previously  reported  measurements  on  parylene  films  and  Pb^-on-glass 
samples.  However,  for  those  samples  the  values  of  the  transmission  peaks 
at  long  wavelengths  were  predictable,  and  this  provided  a basis  for  renormalizing 
the  data  to  remove  the  error  caused  by  a shift  In  sample  position.  That  re- 
normalization procedure  may  not  be  used  with  the  present  Pblg-parylene  curves, 
because  the  peak  theoretical  transmission  values  are  not  necessarily  known  for 
the  2-layer  structures.  Instead,  the  following  procedure  Is  used  to  re- 
normalize Pblg-parylene  data  and  remove  the  error  introduced  by  variable 
overlap  between  optical  beam  and  sample.  A calibration  curve  Tcal  (X)  Is  run 
at  25°C,  noting  whether  the  dewar  is  evacuated,  using  an  empty  sample  holder 
to  provide  the  same  aperture.  Then  the  transmission  scan  is  run  again  at 
25°C  with  the  sample  in  place  and  the  dewar  under  the  same  condition  of 
evacuation.  The  highest  transmission  peak  at  long  wavelengths  provides 
the  reference  peak  TExp(*ref)‘  at  wavelength  A The  transmission  T(X)' 
at  another  wavelength  on  the  same  curve  Is 


T(X)'  = TEXp  (X)1 


*Aref) 

W 


(2. 5. 4-5) 


where  TExp  (A)'  is  the  "raw"  experimental  value  read  directly  from  the  curve. 
The  transmission  T(A)  for  a different  scan,  however.  Is  normalized  by  both 
the  calibration  curve  Tca^ (X)  and  the  reference  transmission  curve  T(X ) ' 
as  follows: 


T(A)  = TEXp  (X) 


cal 


(\ef) 


cal 


W 


TEXP  |Aref| ' 
TEXP  (Aref} 


(2. 5.4-6) 


The  effects  of  beam-sample  overlap  are  thus  removed  in  the  corrected  values 

of  T(A).  It  is  assumed  with  this  procedure  that  neither  Are^  nor  TEXp  (Xref) 

changes  significantly  with  temperature.  This  should  be  a reasonable 

assumption  at  long  wavelengths  and  for  temperatures  between  0°C  and  50°C,  for 

which  the  refractive  index  of  Pbl,  changes  with  temperature  by  only  about 
-5  ^ 

+10  per  °C.  A small  error  is  introduced  at  temperatures  below  -100°C,  as 
evidenced  by  the  shift  in  the  peak  at  600  nm  to  about  610  nm. 

The  theoretical  transmission  Tth(A)  is  compared  to  the  corrected 
experimental  transmission  values  T( X)  using  Eqs.  2. 5.4-1  and  -2,  with  the 
complex  refractive  index  n2(X)  of  Pblg  calculated  from  the  2-oscillator  model 
of  Eqs.  2.5.3-10  through  2.5.3-13.  In  the  data  which  follows,  the  transmission 
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scans  at  25°C  are  occasionally  repeated.  This  repetition  provides  a means 
to  check  whether  thermal  cycling  has  altered  the  optical  properties  of  the 
sample.  The  transmission  scans  are  presented  in  the  order  in  which  they  were 
taken,  so  the  thermal  cycling  history  is  readily  followed. 

The  best-fit  values  of  refractive  index  parameters  and  thickness  for 
sample  No.  628A11A,  found  by  computer  analysis  of  the  first  two  sets  of 
transmission  curves,  are  summarized  in  Table  2.5-36.  The  highest  resolution 
absorption  edge  scans  are  summarized  in  Table  2.5-37.  The  most  significant 
difference  in  data  reduction  procedures  among  different  scans  is  that  *q2 
is  assigned  a constant  value,  estimated  from  the  onset  of  zero  transmittivity 
for  the  long-wavelength  analysis;  whereas  Aq2  is  a variational  parameter  for 
analysis  of  the  two  sets  of  high-resolution  transmission  curves.  The  absorp- 
tion-edge transmission  curves  are  complicated  considerably  by  the  presence 
of  both  a multiple-reflection  interference  peak  arising  from  the  rapidly 
varying  Real(n2(A))  and  a transmission  "dip"  caused  by  the  exciton  absorption 
at  0.4960p.  Above  30°C  temperature,  the  exciton  feature  is  strongly  damped, 
and  the  interference  structure  dominates.  Therefore,  at  these  temperatures, 
"initial  values"  may  be  established  for  S2  and  Aq2  of  the  fundamental  edge 
with  the  assumptions  Sj  = 0.  and  Aqj  = «.  This  procedure  greatly  simplifies 
the  calculational  effort  to  obtain  best-fit  values  of  Sj , Aqi  , S2  and  Aq2  for 
the  high-resolution,  absorption-edge  curves.  As  the  temperature  decreases  below 
10°C,  the  exciton  dip  at  0.496p  becomes  apparent,  and  is  quite  strong  at 
temperatures  approaching  -175°C.  (Discussion  continues  on  page  151). 
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Table  2.5-8.  Absorption  edge  transmission  of  Pbl?-parylene  No.  628A11A  at 
25°C,  from  600  to  420  nm. 


T6PP* 

25. 

P6 12 

PART  7- 

10  9.59 

UL.  EAR.  I-  £AP 

UAL  IB 

ML 

TRAMS  _ 

0.600 

0.860 

1.00C 

0.600 

0.860 

0.59  5 

0.860 

1.000 

0.595 

0.  860 

0.590 

0.850 

1.000 

0.590 

C.  850 

0.585 

0.830 

1.000 

0.585 

0.  830 

0.58  0 

0.799 

1.000 

0.580 

0.  799 

0*515  J)  *761 

l.QQQ 

Q *511 

-0,141 

0.570 

0.721 

1.000 

0.570 

0.721 

0.565 

0.682 

1.000 

0.565 

0.682 

0.560 

0.639 

1.000 

0.560 

0.639 

0.555 

0.603 

C.999 

0.555 

0.604 

0.550 

0.570 

0.999 

0.550 

0.571 

0.545 

0.543 

0.999 

0.545 

0*144  

0.540 

0.521 

C.  598 

0.540 

0.522 

0.535 

0.504 

C.998 

0.535 

0.505 

0.53  0 

0.494 

0.996 

0.530 

0.496 

0.52  5 

0.490 

0.995 

0.525 

0.492 

0.52  0 

0.485 

0.99  5 

0.520 

0.487 

0.515 

0.457 

C.994 

0.515. 0.460 

0.510 

0.336 

0.594 

0.510 

0.338 

0.50  5 

0.163 

C .993 

0.  SOS 

0.184 

0.500 

0.101 

0.99  2 

0.500 

C.  102 

0.495 

0.089 

0.99  1 

0.495 

0.090 

0.49  0 

0.087 

0.990 

0.490 

0.  088 

0.485 

0.C83 

C.990 

0.485 

0.084 

0.480 

0.073 

C.59C 

0.480 

0.074 

0.475 

0.065 

0.989 

0.475 

0.066 

0.47C 

0.052 

0.989 

0.470 

0.053 

0.465 

0.041 

0.989 

0.465 

0.041 

0.460 

0.C31 

0.988 

0.460 

0.031 

4*415 

0.023 

C.987 

0.455 

0.02  3 

0.450 

0.018 

0.985 

0.450 

0.018 

0.44  IQ. Oil 

Q.9B4 

£.445 

0.011 . - 

0.440 

0.008 

0.98  3 

0.440 

0.008 

0.435 

0.004 

0.98  1 

0.435 

0.  004 

0.430 

0.002 

C.980 

0.430 

0.002 

0.425 

0.001 

0.579 

0.425 

0.001 

0.420 

0.0 

0.978 

0.420 

0.0 

Figure  2.5-45.  Transmission  of  Pbl^-parylene  No.  628A11A  at  20°C. 
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Table  2.5-9.  Absorption  edge  transmission  of  Pbl,-parylene  No.  628A11A  at 
20°C,  from  600  to  420  nm.  6 


TEPP*  20.  PB  12  PART  7-10  1057 


k L .EXP 

I ESP 

Cine 

_ 

fRANL  . 

0.600 

0.929 

l.COO 

0.600 

0.869 

0.59  5 

0.929 

1.000 

0.595 

C.  869 

0.590 

0.917 

1.000 

0.590 

0.858 

0.5S5 

0.894 

1.000 

0.585 

0.836 

0.58  0 

0.860 

1.000 

0.580 

0.  805 

..  <U£Z5_ Q.  £22  J..QQQ 

Q*£75 

11.16* 

0.570 

0.775 

1.000 

0.570 

0.725 

0.565 

0.131 

l.COO 

0.565 

0.684 

0.560 

0.683 

1.000 

0.560 

0.639 

0.555 

0.650 

0.999 

0.555 

0.609 

0.  55  0 

0.612 

0 .999 

0.  550 

0.573 

0,565 

0,5*5 

0,999 

0,545 

0.548 

0.540 

0.560 

0.598 

0.540 

0.525 

0.535 

0.543 

C.598 

0.535 

0.509 

0.53  0 

0.532 

0.996 

0.530 

C.  500 

0.525 

0.529 

0.995 

0.525 

0.497 

0.52  0 

0.522 

0.995 

0.520 

0.  491 

0.515  0,550 

0.994 

0.515 

0,461  „ .. 

0.510 

0.360 

C.  594 

0.510 

0.339 

0.505 

0.200 

C.99  3 

0.505 

C.  188 

C.  500 

0.  no 

0.99  2 

0.500 

0.104 

0.495 

0.094 

0.991 

0.495 

0.089 

0.490 

0.093 

0.990 

0.490 

0.088 

0.48  5 

0.  CSl 

C.990 

0.485 

0.086 

0.48  0 

o.oei 

0.590 

0.480 

0.077 

0.47  5 

0.070 

0.589 

0.475 

0.066 

C.47C 

0.055 

0.989 

0.470 

0.052 

0.465 

0.  043 

0.989 

0.465 

0.041 

0.460 

0.032 

0.988 

0.460 

0.030 

0,455 

0,524 

C,?97 

0.455 

0.023 

0.450 

0.018 

0.985 

6.450 

0.017 

0.445 

O..Q1.L  11.98.4.. 

1U445  H.0U1.  . 

0.440 

0.C09 

0.983 

0.440 

0.009 

0.43  5 

0.C06 

0.981 

0.435 

0.006 

0.430 

0.003 

C.980 

0.430 

0.003 

0.425 

0.002 

0.579 

0.425 

0.002 

0.420 

0.001 

0.578 

0.420 

0.001 
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Table  2.5-10.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  15°C,  from  600  to  420  nm. 


TtPP* 

15. 

PB  12 

PART  7- 

10  1118 

kL  EXP 

7 EXP 

CALI  8 

ML 

TftANS 

0.600 

0.928 

1.000 

0.600 

0.868 

0.59  5 

0.926 

1.000 

0.595 

0.866 

0.590 

0.913 

1.000 

0.590 

C.  854 

0.5B5 

0.892 

1.000 

0.585 

0.834 

0.  58  0 

0.859 

1.000 

0.580 

0.  804 

0*575. 

Q.£21 

.1.000 

0*575 

Q.148.  _ 

0.570 

0.774 

1.000 

0.570 

0.724 

0.56  5 

0.731 

1.000 

0.565 

0.684 

0.560 

0.683 

1.000 

0.560 

0.639 

0.555 

0.649 

0.999 

0.555 

0.608 

0.  55  0 

0.610 

0.999 

0.  550 

0.  571 

0.545 

0.  562 

C.999 

0.545 

0.545  __ 

0.540 

0.558 

C.  598 

0.540 

0.523 

0.53S 

0.541 

C.598 

0.535 

0.507 

0.530 

0.531 

0.996 

0.530 

0.  499 

0.52  5 

0.530 

0.995 

0.525 

0.498 

0.52  0 

0.526 

0.995 

0.520 

0.495 

0.515 

Q.  500 

0.994 

0.515 

JQ.471 

0.510 

0.378 

C.S94 

0.510 

0.356 

0.50  5 

0.202 

C.993 

0.505 

C.  190 

0.500 

0.  105 

0.992 

0.500 

0.099 

0.495 

0.C91 

0.991 

0.49  5 

0.086 

0.490 

0.092 

0.990 

0.490 

0.087 

0.485 

0.  CSO 

0.990 

0.48  5 

0.085 

0.480 

0.081 

C.59C 

0.480 

0.077 

0.47  5 

0,C10 

0.989 

0.475 

0.  066 

0.470 

0.056 

0.989 

0.470 

0.053 

0.  465 

0.045 

0.989 

0.465 

0.043 

0.460 

0.034 

0.988 

0.460 

0.032 

0.455 

0.  C26 

0.987 

0.455 

0.025 

0.450 

0.019 

0.985 

0.450 

0.018 

0*445 

0.013 

0*984 

0*445  D*Q12  

0.440 

0.C11 

0.983 

0.440 

0.010 

0.435 

0.  C06 

0.981 

0.435 

0.006 

0.430 

0.003 

0.980 

0.430 

0.003 

0.425 

0.002 

0.579 

0.425 

0.002 

0.420 

0.001 

0.578 

0.42  0 

0.001 
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Table  2.5-11. 


Absorption  edge  transmission  of  Pb^-parylene  No.  628A11A 
at  10°C,  from  600-420  nm. 


TEPP» 

10. 

PB 12 

PAAY  7- 

10  114 

1 

kL  EXP 

L £.xe  X4LIB 

ML  . 

MANS .. 

0.600 

0.928 

1.000 

0.600 

0.870 

0.59  5 

0.926 

1.000 

0.595 

0.  868 

0.590 

0.913 

1.000 

0.  590 

0.  856 

0.585 

0.892 

1.000 

0.585 

0.836 

0.  58  0 

0.860 

1.000 

0.580 

0.  806 

Q.575  Q.£21 

l.QQQ 

0.575 

0.I2Q 

0.570 

0.775 

1.000 

0.570 

0.727 

0.565 

0.732 

l.COO 

0.565 

0.686 

0.560 

0.685 

1.000 

0.560 

0.642 

0.555 

0.649 

0.999 

0.555 

0.609 

0.550 

0.611 

0.999 

0.550 

0.  573 

0 .545  0.583 

5*999 

....  0,545 

0.547 

0.540 

0.560 

0.598 

0.540 

0.526 

0.535 

0.542 

C.598 

0.535 

0.509 

0.530 

0.533 

0.996 

0.530 

C.  502 

0.52  5 

0.530 

0.995 

0.525 

0.499 

0.52  0 

0.530 

0.99  5 

0.520 

0.  499 

J7.5L5 

Q.51G 

C.  994- 

0*515 

0.510 

0.396 

0.594 

0.510 

0.373 

0.505 

0.213 

C.993 

0.505 

0.201 

0.500 

0.105 

0.99  2 

0.500 

0.099 

0.495 

0.090 

0.991 

0.495 

0.085 

0.  49  C 

0.091 

0.990 

0.490 

0.086 

0.485 

0.  C90 

0.990 

0.485 

0.085 

0.480 

0.091 

C.  990 

0.480 

0.086 

0.47  5 

0.071 

0.585 

0.475 

0.067 

0.470 

0.057 

0.989 

0.470 

0.  054 

0.465 

0.047 

0.989 

0.465 

0.045 

0.46  0 

0.033 

0.988 

0.  460 

0.  031 

0.455 

0.025 

0.987 

0.455 

0.024 

0.450 

0.019 

C.985 

0.450 

0.018 

D-445 

Q. 013  0.984 

...  . 0.445 

0.012 

0.440 

0.C09 

0.983 

0.440 

0.009 

0.435 

0.005 

0.981 

0.435 

0.005 

0.430 

0.003 

G.580 

0.430 

0.003 

0.425 

0.002 

0.975 

0.425 

0.002 

0.420 

0.001 

0.978 

0.420 

0.001 
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Table  2.5-12.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  2°C,  from  600  to  420  nm. 


TEPP* 

2. 

PB  12 

PARY  7-: 

10  1208 

kL  EXP 

T EXP  iiALIB 

...  ML. 

TRANS  _ _ 

0.600 

0.928 

1.000 

0.600 

0.869 

0.595 

0.927 

1.C00 

0.595 

C.  668 

0.590 

0.912 

1.000 

0.590 

0.854 

0.585 

0.890 

1.000 

0.58  5 

0.833 

0.58  0 

0.855 

1.000 

0.580 

0.801 

0*571 

0.819 

1,0QQ 

0*575 

0*767 

0.570 

0.  Ill 

1.C00 

0.570 

0.722 

0.565 

0. 729 

1.000 

0.56  5 

0.683 

0.560 

0.682 

1.000 

0.560 

0.639 

0.555 

0.  645 

0.999 

0.555 

0.605 

0.550 

0.610 

0.999 

0.550 

0.572 

0.595 

0*582 . 

C.S99 

Q.545 

0*546 

0.540 

0.559 

0.598 

0.540 

0.525 

0.535 

0.541 

0.998 

0.53  5 

C.  508 

0.530 

0.532 

0.996 

0.530 

C.  500 

0.52  5 

0.530 

0.995 

0.52  5 

C.  499 

0.52  0 

0.532 

0.995 

0.520 

0.  501 

0 *515 

0.518 

C.994 

0.515 

0*488 

0.510 

0.400 

C.594 

0.510 

0.377 

0.505 

0.210 

0.593 

0.505 

0.198 

0.500 

0.100 

0.992 

0.500 

0.094 

0.495 

0.C85 

0.991 

0.49  5 

0.080 

0.49  0 

0.C89 

0.990 

0.490 

0.084 

0.48  5 

0.089 

C.99C 

0.485 

0.084 

0.48  0 

0.081 

0.990 

0.480 

0.077 

0.475 

0.071 

0.989 

0.475 

0.067 

0.470 

0.058 

0.989 

0.470 

0.055 

0.465 

0.044 

0.989 

0.465 

0.042 

0.460 

0.  033 

0.988 

0.460 

0.031 

0.455 

0.025 

Q.987 

0,455 

0.024 

0.450 

0.018 

0.985 

0.450 

0.017 

-0.445  4.011 

0.9A4 

...0*  445-0.0111 

0.44  0 

0.009 

0.98  3 

0.440 

0.009 

0.435 

0.004 

0.98  1 

0.435 

0.  004 

0.430 

0.003 

C.980 

0.430 

0.003 

0.425 

0.002 

C.  575 

0.425 

0.002 

0.420 

0.001 

0.578 

0.420 

0.001 

Ill 


Table  2.5-13.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  35°C,  from  600  to  420  nm. 


?£PP* 

kL  EXP 
0.600 
0.595 
0.590 
0.585 
0.58  0 
0.575 
0.570 
0.565 
0.560 
0.55  5 
0.  550 
0.54  5 
0.540 
0.535 
0.53  0 
0.52  5 
0.52  0 
0.515 
0.510 
0.505 
0.500 
0.495 
0.490 
0.48  5 
0.480 
0.475 
0.470 
0.465 
0.460 
0.455 
0.450 
0.445 
0.440 
0.43  5 
0.430 
0.42  5 
0.420 


35.  Pe  12  PARY  7-10  1243 


f EXP 

CAL  IB 

ML 

TRANS 

0.938 

1.00C 

0.600 

0.869 

0.939 

1.000 

0.595 

0.870 

0.925 

1.000 

0.590 

0.857 

0.903 

1.000 

0.585 

0.837 

0.870 

1.000 

0.580 

0.806 

0.831 

1.000 

0.575 

0.770  . _ 

0.184 

1.00;' 

0.570 

0.726 

0.741 

l.COO 

0.565 

C.  687 

0.693 

1.000 

0.560 

C.  642 

0.655 

0.999 

0.555 

0.607 

0.620 

0.999 

0.550 

0.  575 

0,590 

0,999 

0.545 

0.547 

0.564 

C.S98 

0.540 

0.524 

0.549 

C.598 

0.535 

C.  510 

0.537 

0.996 

0.530 

C.  500 

0.531 

0.99  5 

0.525 

0.494 

0.523 

0.99  5 

0.520 

0.487 

0.489 

0,994 

0.515 

0*456 

0.358 

0.994 

0.510 

0.334 

0.200 

C .993 

0.505 

0.187 

0.114 

0.992 

0.500 

0.106 

0.C99 

0.991 

0.495 

0.093 

0.CS6 

C.990 

0.490 

0.090 

0.092 

C.99C 

0.485 

0.086 

0.080 

0.990 

0.480 

0.075 

0.070 

0.989 

0.475 

0.066 

0.  056 

0.989 

0.470 

0.052 

0.043 

0.989 

0.465 

0.040 

O.C33 

C.988 

0.460 

0.031 

0.024 

C.987 

0.455 

0.023 

0.018 

0.985 

0.450 

0.017 

0.011 

0.984 

0.445 

0.010 

0.008 

C.983 

0.440 

0.008 

0.C04 

0.981 

0.435 

0.004 

0.003 

C.S80 

0.430 

0.003 

0.002 

0.979 

0.425 

0.002 

0.002 

0.978 

0.420 

0.002 

113 


Table  2.5-14.  Absorption  edge  transmission  of  Pbl?-parylene  No.  628A11A 
at  40°C  from  600  to  420  nm. 


TEHP* 

40. 

PBI2 

PARY  7- 

10  1. 1 

kL  EXP 

T EXP 

CALI  8 

WL 

TRANS 

0.60  0 

0.941 

i.OOC 

0.600 

0.871 

0.59  5 

0.941 

l.OOC 

0.595 

0.  871 

0.590 

0.930 

1.000 

0.590 

C.  861 

0.505 

0.910 

1.000 

0.585 

0.842 

0.58  0 

0.876 

1.000 

0.580 

0.811 

0.57  5 

0.637 

1.000 

0,575 

0.775 

0.570 

0.  790 

1.000 

0.570 

0.731 

0.565 

0.745 

1.000 

0.565 

C.  690 

0.560 

0.698 

1.000 

0.56  0 

0.646 

0.55  5 

0.660 

0.999 

0.555 

0.611 

0.  55  0 

0.621 

0 .999 

0.550 

0.575 

0.545 

0.553 

C.999 

0.545 

0.549 

0.540 

0.  569 

0.598 

0.54  0 

0.528 

0.535 

0.551 

C .598 

0.535 

0.511 

0.530 

0.540 

0.996 

0.530 

C.  502 

0.52  5 

0.532 

0.995 

0.525 

0.495 

0.52  0 

0.523 

0.99  5 

0.520 

0.486 

0.515 

0.4C3 

0.994 

0.515 

0,450 

0.510 

0. 350 

C.  594 

0.510 

0.326 

0.505 

0.200 

0.993 

0.505 

0.186 

0.500 

0.  118 

0.992 

0.500 

0.110 

0.495 

0.  100 

C.991 

0.495 

0.093 

0.490 

0.  098 

0.990 

0.490 

0.092 

0.485 

0.091 

C.590 

0.485 

0.085 

0.48  0 

0.081 

0.990 

0.480 

0.076 

0.475 

0.069 

0.989 

0.475 

0.065 

0.470 

0.054 

0.989 

0.470 

0.051 

0.465 

0.C43 

0.989 

0.465 

0.040 

0.460 

0.  C31 

0.988 

0.46  0 

0.029 

0.455 

Q.C23 

C.94I 

0.455 

0,022 

0.450 

0.016 

0.585 

0.450 

0.015 

0.44  5 

0.011 

0.954 

0.445 

0.010 

0.440 

0.008 

0.98  3 

0.440 

0.008 

0.43  5 

0.003 

0.98  l 

0.435 

0.003 

0.430 

0.002 

C.980 

0.430 

0.002 

0.425 

0.001 

0.579 

0.425 

0.001 

0.420 

0.0 

0.978 

0.420 

0.0 
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Table  2 5-15.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  45°C,  from  600  to  420  nm. 


TfcPP= 

45. 

P8  12 

PART  7- 

10  1.35 

fcL  EXP 

T EXP 

CAUB 

WL 

TRANS 

0.600 

0.941 

l.OOC 

0.600 

0.869 

0.59  5 

0.942 

1.000 

0.595 

0.870 

0.590 

0.930 

1.000 

0.590 

3.859 

0.585 

0.910 

1.000 

0.585 

0.840 

0.580 

0.  874 

1.000 

0.580 

0.807 

0.575 

0.  e37 

1.000 

0.575 

0.773 

0.570 

0.  790 

1.000 

0.570 

0.730 

0.565 

0.745 

1.000 

0.565 

0.688 

0.560 

0.696 

1.000 

0.560 

0.  643 

0.555 

0.659 

0.999 

0.555 

0.609 

0.  550 

0.621 

0 .999 

0.550 

0.574 

0.54  5 

0,593 

C.999 

0.545 

0.548 

0.540 

0.568 

C.598 

0.540 

0.526 

0.535 

0.550 

C.998 

0.535 

0.509 

0.53  0 

0.539 

0.996 

0.530 

C.  500 

0.52  5 

0.531 

0.995 

0.525 

0.493 

0.52  0 

0.520 

0.995 

0.520 

0.483 

0.515 

0.4  77 

0.994 

0.515 

0.443 

0.510 

0.339 

C.  594 

0.510 

0.315 

0.505 

0.  195 

C.993 

0.505 

0.181 

0.500 

0.119 

0.99  2 

0.500 

O.lll 

0.495 

0.  102 

0.991 

0.455 

0.095 

0.490 

0.098 

C.990 

0.490 

0.091 

0.485 

0.091 

C.990 

0.485 

0.085 

0.480 

0.080 

0.590 

0.480 

0.075 

0.475 

0.069 

0.989 

0.475 

0.064 

0.470 

0.054 

0.989 

0.470 

0.050 

0.465 

0.C42 

0.989 

0.465 

0.039 

0.460 

0.C30 

0.988 

0.46  0 

0.028 

0.455 

0.C23 

C.587 

0.455 

0.022 

0.450 

0.017 

0.585 

0.450 

0.016 

0.445 

0.010 

Q.984 

0.445 

0*0119  ... 

0.440 

0. 008 

0.983 

0.440 

0.008 

0.43  5 

0.005 

0.981 

0.435 

0.005 

0.430 

0.003 

C.580 

0.430 

0.003 

0.425 

0.001 

0.975 

0.425 

0.001 

0.420 

0.0 

0.97  8 

0.420 

0.0 

Table  2.5-16.  Absorption  edge  transmission  of  Pbl?-parylene  No.  628A11A 
at  50°C,  from  600  to  420  nm. 


TEPP* 

50. 

PB  12 

PARY  7- 

10  2. 

8L  EXP 

T EXP 

CAIIB 

Wt 

TRANS 

0.600 

0.944 

1.000 

0.600 

0.870 

0.59  5 

0.944 

1.000 

0.  595 

C.  870 

0.590 

0.936 

1.000 

0.590 

0.861 

0.585 

0.911 

1.000 

0.585 

0.840 

0.58  0 

0.878 

1.000 

0.  580 

0.  809 

0.575 

0.639 

1.000 

0.575 

0.773 

0.570 

0.790 

1.000 

0.570 

0.728 

0.565 

0.748 

1.000 

0.565 

0.689 

0.56  0 

0.699 

1.000 

0.560 

0.644 

0.555 

0.  660 

0.999 

0.555 

0.609 

0.  55  0 

0.621 

0 .999 

0.550 

0.  573 

0.565 

0.596 

C.599 

0.545 

0.548 

0.560 

0.  569 

C.  598 

0.540 

0.525 

0.535 

0.551 

C.598 

0.53  5 

0.509 

0.530 

0.539 

0.996 

0.530 

C.  499 

0.52  5 

0.532 

0.995 

0.52  5 

0.493 

0.52  0 

0.517 

0.99  5 

0.520 

0.479 

0.515 

0.470 

C.994 

0.515 

0.436 

0.510 

0.333 

C.  554 

0.510 

0.309 

0.505 

0.  195 

0.993 

0.505 

0.  181 

0.500 

0.121 

0.992 

0.500 

0.112 

0.695 

0.103 

0.991 

0.49  5 

0.096 

0.69  0 

0.099 

0.990 

0.490 

0.092 

0.68  5 

0.C91 

C.990 

0.485 

0.085 

0.680 

0.061 

C.  590 

0.480 

0.075 

0.675 

0.069 

C.585 

0.475 

0.  064 

0.67  0 

0.054 

0.989 

0.470 

0.050 

0.665 

0.042 

0.989 

0.465 

0.039 

0.66  0 

0.030 

0 .988 

0.460 

0.02  8 

0.655 

0.  C22 

C.  987 

0.455 

0.021 

0.650 

0.017 

0.585 

0.450 

0.016 

0.64  5 

0.010 

0.984 

0.445 

0.009 

0.44C 

0.  COb 

0.983 

0.440 

0.008 

0.435 

0.C04 

0.981 

0.435 

0.004 

0.430 

0.002 

C.58C 

0.430 

0.002 

0.42  5 

0.001 

0.975 

0.425 

0.001 

0.420 

0.0 

0.978 

0.420 

0.0 

Table  2.5-18.  Absorption  edge  transmission  of  Pbl?-parylene  No.  628A11A 
at  -175°C,  from  600  to  420  nm. 


ICMP* 

-175 

pei2 

PARY  7- 

10  3.48 

kL  EXP 

T EXP 

CALI  8 

WL 

TRANS 

0.630 

0.898 

1.000 

0.600 

0.839 

0.59  5 

0 . 886 

1.000 

0.595 

0.828 

0.59  0 

0.813 

1.000 

0.590 

C.  760 

0.585 

0.839 

1.000 

0.585 

0.  784 

0.58  0 

0.805 

1.000 

0.580 

0.  752 

0.S75 

0.  772 

1.000 

0.575 

0,721 

0.570 

0.733 

l.OOC 

0.570 

0.685 

0.56  5 

0.  700 

1.000 

0.565 

0.654 

0.560 

0.663 

1.000 

0.560 

C.  620 

0.555 

0.638 

0.999 

0.555 

0.597 

0.550 

0.611 

0.999 

0.550 

0.  572 

0.595 

0.553 

C.999 

0.595 

0,555 

0.590 

0.  578 

C.598 

0.590 

0.541 

0.535 

0.570 

C.998 

0.535 

C.  534 

0.53  0 

0.569 

0.996 

0.530 

0.534 

0.525 

0.571 

0.995 

0.52  5 

0.  536 

0.  52  0 

0.586 

0.99  5 

0.520 

0.  550 

0.515 

0.603 

C.999 

0.515 

0,567  

0.510 

0.628 

0.999 

0.510 

0.590 

0.505 

0.611 

C.993 

0.505 

0.575 

0.500 

0.235 

0.99  2 

0.500 

C.221 

0.995 

0.012 

0.99  1 

0.49  5 

0.011 

0.99  0 

0.096 

0.990 

0.49  0 

0.  043 

0.985 

o.cei 

0.990 

0.485 

0.076 

0.98  0 

0.088 

0.990 

0.480 

0.083 

0.975 

0.081 

0.989 

0.475 

0.077 

0.970 

0.070 

0.989 

0.470 

0.066 

0.965 

0.059 

0.989 

0.465 

0.056 

0.960 

0.095 

0 .98  8 

0.  460 

0.  043 

0,955 

0,037 

C,  987 

0.455 

0,035  

0.950 

0.028 

0.985 

0.450 

0.027 

0.995 

0.  020 

0.989 

0.445 

0.1119 

0.990 

0.C12 

0.983 

0.440 

0.011 

0.935 

0.  C09 

0.981 

0.435 

0.009 

0.930 

0.009 

C.980 

0.430 

0.004 

0.925 

0.002 

0.979 

0.425 

0.002 

0.920 

0.001 

0.978 

0.420 

0.001 

! 


Table  2.5-19. 


Absorption  edge  transmission  of  Pbl,-parylene  No.  628A11A 
at  -150°C  from  600  to  420  nm. 


TE  PF« 

-150 

PB 12 

PARV  7- 

10  4.15 

XL  EXP 

T EXP 

CALI  6 

WL 

TRANS 

0.6(10 

0.853 

1.00C 

0.600 

0.859 

0.595 

0.848 

1.000 

0.595 

C.  854 

0.590 

0.835 

1.000 

0.590 

C.  841 

0.585 

0.820 

1.000 

0.585 

0.826 

0.580 

0.799 

1.000 

0.  580 

0.  805 

0.575 

0.777 

1.000 

0.575 

Q.782 

0.570 

0.  751 

1.000 

0.570 

0.756 

0.565 

0.729 

1.000 

0.565 

0.  734 

0.56  0 

0.701 

1.000 

0.560 

C.  706 

0.555 

0.682 

0.999 

0.555 

0.687 

0.  55  0 

0.661 

0.999 

0.550 

0.  666 

0.565 

0.643 

0.999 

0.545 

0.648 

0.560 

0.630 

C.  598 

0.540 

0.636 

0.535 

0.619 

0.698 

0.535 

0.625 

0.53  0 

0.611 

0.996 

0.530 

0.618 

0.52  5 

0.610 

0.995 

0.525 

0.617 

0.52  0 

0.613 

0.995 

0.520 

0.620 

0.515 

0.620 

0.994 

0.515 

0*62fi  _ 

0.510 

0.628 

0.994 

0.510 

0.636 

0.505 

0.569 

C.693 

0.505 

0.577 

0.500 

0.140 

0.99  2 

0.500 

C.  142 

0.695 

0.024 

0.991 

0.495 

0.  024 

0.69  0 

0.057 

0.990 

0.490 

0.058 

0.48  5 

0.  084 

C.690 

0.485 

0.085 

0.680 

o.oe9 

C.  690 

0.480 

0.091 

0.475 

0.081 

0.686 

0.475 

0.082 

0.470 

0.070 

0.989 

0.470 

0.071 

0.465 

0.058 

0.989 

0.465 

0.059 

0.460 

0.C45 

0.988 

0.460 

0.046 

0.645 

0.036 

0*687 

0.451 

0.037 

o 

. 

* 

w* 

o 

0.025 

0.685 

0.450 

0.026 

0.665 

0.019^  0.984 

Q-  441  TMlii 

0.44  0 

0.011 

0.98  3 

0.440 

0.011 

0.435 

0.009 

0.98  1 

0.435 

0.  009 

0.430 

0.C03 

C.  980 

0.430 

0.003 

0.425 

0.001 

0.679 

0.425 

0.001 

0.420 

0.0 

0.678 

0.420 

0.0 
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Table  2 


5-20.  Absorption  edge  transmission  of  Pbl2-parylene  No. 
at  -75°C  from  600  to  420  nm. 


TEMP* 

-75. 

PBI2 

PAW  7- 

10  5.06 

kL  EXP 

T EXP 

CALI  B 

WL 

TRANS 

0.600 

0.920 

1.000 

0.60  0 

0.861 

0.595 

0.501 

1.000 

0.595 

C.  843 

0.590 

0.869 

1.000 

0.590 

0.  813 

0.585 

0.838 

1.000 

0.585 

0.  784 

0.  580 

0.796 

1.000 

0.580 

0.  745 

0.575 

0.  753 

1.000 

0.575 

0.704 

0.570 

0.  709 

1.000 

0.570 

0.663 

0.565 

0.670 

1.000 

0.565 

C.627 

0.56  0 

0.630 

1.000 

0.560 

0.589 

0.555 

0.600 

0.999 

0.555 

0.  562 

0.  550 

0.573 

0 .999 

0.550 

0.  53  7 

0.545 

0.554 

C.999 

0,545 

0.519 

0.540 

0.540 

0.498 

0.540 

0.506 

0.535 

0.533 

C.998 

0.535 

C.  500 

0.53  0 

0.537 

0.996 

0.530 

0.504 

0.52  5 

0.545 

0.995 

0.525 

0.512 

0.52  0 

0.568 

0.99  5 

0.  520 

0.  534 

0.515 

0.550 

C.994 

0.515 

Q.  555 

0.510 

0.579 

0.594 

0.510 

0.545 

0.505 

0.360 

0.993 

0.505 

0.339 

0.500 

0.080 

0.992 

0.500 

0.075 

0.495 

0.C54 

0.991 

0.495 

0.051 

0.49  0 

0.074 

0.990 

0.490 

0.070 

0.485 

0.C88 

0.990 

0.485 

0.083 

0.480 

0.085 

C.990 

0.480 

0.080 

0.475 

0.078 

0.989 

0.475 

0.074 

0.47  0 

0.064 

0.989 

0.470 

0.  061 

0.465 

0.052 

0.989 

0.465 

0.049 

0.46  0 

0.040 

0 .98  8 

0.460 

0.  03  8 

0.455 

0.01 

C.987 

0.455 

0,029 

0.450 

0.022 

0.585 

0.450 

0.  021 

.0*445 

Q.Q17 

Q.9A4 

0.445 

. 0.  016 

C.44  0 

0.010 

0.983 

0.440 

0.010 

0.43  5 

0.007 

0.981 

0.435 

0.007 

0.430 

0.003 

C.980 

0.430 

0.003 

0.425 

0.001 

0.975 

0.425 

0.001 

0.420 

0.0 

0.978 

0.420 

0.0 

628A11A 


127 


Table  2.5-21.  Absorption  edge  transmission  of  Pb^-parylene  No.  628A11A  at 
-50°C  from  600  to  420  nm. 


TEMP- 

1 

V* 

O 

t 

PB  12 

PART  7- 

10  5.31 

ML  EXP 

T EXP 

CJUB 

WL 

TRANS 

0.600 

0.903 

1.000 

0.600 

0.845 

0.59  5 

0.883 

l.COO 

0.595 

0.826 

0.590 

0.852 

1.000 

0.590 

C.  797 

0.585 

0.820 

1.000 

0.585 

0.  767 

0.  580 

0.780 

1 .000 

0.  580 

0.  73  0 

0.575 

0.  740 

1.000 

0.575 

0.692 

0.570 

0.698 

1.000 

0.570 

0.653 

0.565 

0.661 

1.000 

0.565 

C.  618 

0.560 

0.6  24 

1.000 

0.560 

C.  584 

0.55  5 

0.599 

0.999 

0.555 

0.  561 

0.550 

0.575 

0 .999 

0.  550 

0.  53  8 

0.545 

0.560 

C.999 

0.545 

0.524 

0.540 

0.549 

C.  598 

0.540 

0.515 

0.535 

0.546 

C.998 

0.535 

0.512 

0.530 

0.551 

0.996 

0.530 

0.518 

0.525 

0.564 

0.995 

0.525 

0.530 

0.52  0 

0.587 

0 .99  5 

0.520 

0.  552 

0.515 

0.602 

C.994 

0.515 

0-567 

0.510 

0.  546 

0.994 

0.510 

0.514 

0.50  5 

0.300 

0.593 

0.505 

0.283 

0.500 

0.086 

0.992 

0.500 

0.081 

0.495 

0.C68 

C.991 

0.495 

0.064 

0.490 

0.082 

0.990 

0.490 

0.077 

0.485 

0.C90 

C.990 

0.48  5 

0.085 

0.480 

0.088 

C.  990 

0.480 

0.083 

0.475 

0.078 

0.989 

0.475 

0.074 

0.470 

0.064 

0.989 

0.470 

0.  061 

0.46  5 

0.051 

0.989 

0.465 

0.048 

0.46  0 

0.039 

0 .988 

0.  460 

0.  037 

0.455 

0.030 

C.987 

0.455 

0.028 

0.450 

0.021 

0.985 

0.450 

0.020 

0.445 

0.015 

_a«984 

0.445 

0.  014 

0.440 

0.010 

0.98  3 

0.440 

0.010 

0.43  5 

0.006 

0,98  1 

0.435 

0.  006 

0.430 

0.003 

0.980 

0.430 

0.003 

0.425 

0.001 

C.  579 

0.425 

0.001 

0.420 

0.0 

0.578 

0.42  0 

0.0 
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Table  2.5-22.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  25°C  from  600  to  420  nm  ( after- 5o°C  curve). 


TEPP* 

ut 

• 

PEI  2 

PAW  7- 

10  6. 18 

kL  EXP 

T EXP 

c/ne 

M. 

TRANS 

0 .600 

0.947 

1.000 

0.600 

0.870 

0.59  5 

0.947 

1.000 

0.595 

0.870 

0.590 

0.931 

1.000 

0.590 

0.855 

0.585 

0.910 

1.000 

0.585 

0.836 

0.580 

0.872 

1.000 

0.580 

0.  801 

0.572 

o.e3i 

1.000 

0.575 

0.763  

0.570 

0.783 

1.00C 

0.570 

0.719 

0.565 

0.740 

1.000 

0.565 

0.680 

0.56  0 

0.691 

1.000 

0.560 

0.635 

0.55  5 

0.652 

0.999 

0.555 

0.600 

0.  550 

0.615 

0.999 

0.550 

0.  566 

0.545 

0.588 

C.999 

0.545 

0-541 

0.540 

0.  562 

C.  598 

0.540 

0.517 

0.535 

0.548 

C-998 

0.535 

C.  504 

0.530 

0.538 

0 .996 

0.  530 

C.  496 

0.52  5 

0.532 

0.995 

0.525 

0.491 

0.52  0 

0.530 

0.99  5 

0.520 

0.489 

0.515 

0.498 

0.994 

0.515 

0.46Q 

0.510 

0.360 

C.594 

0.510 

0.333 

0.505 

0.200 

0.993 

0.505 

0.  185 

0.500 

0.112 

0.99  2 

0.500 

0.104 

0.495 

0.098 

0.99  1 

0.49  5 

0.  091 

0.49  0 

0.094 

0.990 

0.490 

0.  087 

0.485 

0.091 

C.990 

0.485 

0.084 

0.48  0 

0.081 

C.59C 

0.480 

0.075 

0.475 

0 .069 

C .589 

0.475 

0.064 

0.470 

0 .055 

0.989 

0.470 

0.  051 

0.465 

0.043 

0.989 

0.465 

0.040 

0.46  0 

0.032 

0.98  8 

0.460 

0.030 

d.  455 

Q.C23 

Q.987 

0.45J. 

Q.Q2i__  . 

0.450 

0.017 

0.585 

0.450 

0.016 

_ Q.445 

0.011 

0.984 

— 0.445 

0*018 

0.440 

0.  COS 

0.983 

0.440 

0.007 

0.43  5 

0.C04 

0.981 

0.435 

0.004 

0.430 

0.002 

C.  580 

0.430 

0.002 

0.425 

0.001 

0.575 

0.425 

0.001 

0.420 

0.0 

0.978 

0.420 

0.0 
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Table  2.5-23.  Absorption  edge  transmission  of  Pbl2-parylene  No.  628A11A 
at  -112°C,  from  600  to  420  nm. 


TEHP= 

-112 

P8I2 

PAR*  7- 

10  8.08 

kL  EXP 

T EXP 

CAL1B 

Wl 

TRANS 

0 .600 

0.418 

l.OOC 

0.600 

0.871 

0.595 

0.908 

1.000 

0.595 

0.861 

0.590 

0.884 

1.000 

0.590 

0.839 

0.58  5 

0.855 

1.000 

0.585 

0.811 

0.580 

0.811 

1 .000 

0.580 

0.  769 

0.575 

0.  771 

1.000 

0.575 

0.731 

0.570 

0.  722 

l.OOC 

0.570 

0.685 

0.565 

0.681 

1.000 

0.565 

0.646 

0.56  0 

0.638 

1.000 

0.560 

0.605 

0.555 

0.604 

0.999 

0.555 

0.574 

0.  55  0 

0.571 

0.999 

0.550 

0.  542 

0.5*5 

0.550 

C.999 

0.545 

0.522 

0.5*0 

6.531 

C.  998 

0.540 

0.505 

0.535 

0.521 

C.998 

0.535 

0.495 

0.530 

0.518 

0.996 

0.530 

C.  493 

0.  52  5 

U.  Oti 

C .995 

0.525 

0.  497 

0.52  0 

0.539 

C.995 

0.520 

0.514 

0.515 

0.561 

C.994 

0-515 

0.535  _ 

0.510 

0.578 

C.  994 

0.510 

0.552 

0.50  5 

0.437 

0.593 

0.505 

C.  418 

0.500 

0.078 

0.99  2 

0.500 

0.075 

0.*95 

0.041 

0.991 

0.495 

0.  039 

0.*90 

0.067 

0.990 

0.490 

0.  064 

0.485 

0.  C82 

C.990 

0.485 

0.079 

0.480 

0.084 

C.59C 

0.480 

0.080 

0.475 

0.077 

C .585 

0.475 

0.074 

0.470 

0.063 

0.989 

0.470 

0.060 

0.465 

0.052 

0.989 

0.465 

0.  050 

0.46  0 

0.040 

0.988 

0.460 

0.038 

0.455 

0.031 

C.987 

0.455 

0.030 

0.450 

0.023 

0.985 

6.450 

0.022 

0.445 

0.018. 

0*984 

0.  44 & 4*012 

0.44  0 

0.011 

0.983 

0.440 

0.011 

0.435 

0.009 

0.981 

0.435 

0.009 

0.430 

0.004 

C.980 

0.430 

0.004 

0.425 

0.003 

C.979 

0.425 

0.003 

0.420 

0.002 

C.578 

0.420 

0.  002 

133 


Table  2.5-?*.  High-resolution  transmission  scan,  Pbl,-parylene  No.  628A11A 
at  25°C.  * 


UMP=  25.  PR  1 2 PARY  628A  ll-A  7-17  1.50 


HI  EXP 

T EXP 

CALIB 

ML 

1 RAMS 

0.525 

0.998 

1.030 

0.525 

0.697 

0.526 

0.9  93 

1.000 

0.526 

0.697 

0.520 

0.998 

1.000 

0.523 

0.697 

0.5  2? 

0.997 

0.999 

0.522 

0.696 

0.521 

0.999 

0.999 

0.521 

0.696 

C.520 

0.993 

0.999 

0.520 

0.693 

0.519 

0.990 

0.999 

0.519 

0.690 

0.518 

0.983 

0.999 

0.518 

0.638 

0.517 

0.981 

0.998 

0.517 

0.681 

0.516 

0.9  75 

0.993 

0.516 

0.6  75 

0.515 

0*  966 

0.998 

0.515 

0.666 

0.519 

0.952 

0.993 

0.516 

0.652 

0.513 

0.933 

C.998 

0.513 

0.633 

0.512 

0.910 

0.998 

0.512 

0.610 

0.511 

9.  379 

0.998 

0.511 

0.379 

0.510 

0. 39  9 

0.998 

0.510 

0.  366 

0.509 

0.310 

0.998 

0.509 

0.310 

0.505 

0.2  77 

3.993 

3.5)8 

0.277 

0.507 

0.295 

0.998 

3.507 

0.265 

0.506 

0.216 

0.99  7 

0.506 

0.216 

0.505 

J.  189 

0.997 

0.505 

0.189 

0.50'* 

0.  169 

0.997 

0.506 

0.166 

0.503 

0.  191 

0.997 

0.503 

0.  161 

0.502 

0.  129 

0.997 

3.50  2 

0.126 

0.501 

0.  Ill 

0.997 

3.501 

0.111 

0 .500 

0.  103 

0.99  7 

0.5)0 

0.103 

0.999 

0.093 

0.997 

0.699 

0.098 

0.998 

0.092 

0.99  7 

0.698 

0.092 

0.997 

0.090 

0.997 

0.697 

3.090 

0.996 

0.090 

0.997 

0.696 

0.090 

0.995 

0.  C99 

0.997 

0.695 

0.039 

0.999 

0.089 

0.997 

0.696 

0.039 

0.993 

0.089 

C .997 

0.693 

0.069 

0.992 

0.088 

0.996 

0.692 

0.088 

C.991 

0.088 

0.996 

0.691 

0.038 

0.990 

0.  088 

0.996 

0.690 

0.088 

0.989 

0.088 

0.996 

0.689 

0.088 

3.688 

0.083 

0.996 

0.688 

0.088 

0.987 

0.088 

0.995 

0.687 

0.088 

0.986 

0.086 

0.995 

0.636 

0.036 

0.985 

0.089 

0.995 

0.685 

0.086 

0.989 

0.082 

0.99  5 

0.686 

0.082 

0.983 

0.080 

0.995 

0.633 

0.080 

0.982 

0.080 

0.996 

9.68? 

0.080 

0.981 

0.079 

0.996 

0.681 

0.079 

0.980 

0.076 

0.996 

0.680 

0.076 
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Table  2.5-25.  High-resolution  transmission  scan,  Pbl9-parylene  No.  628A11A, 
at  2°C.  £ 

Tt*P=  2.  PQC  2 PARY  628A  li-A  7-17  2.1C 


fcl  EXP 

T EXP 

CALIB 

ML 

TRANS 

0.526 

0.493 

1.000 

0.525 

0.497 

0.624 

3.493 

1.000 

0.524 

0.497 

3.523 

3.493 

1 .300 

0.523 

0.497 

0.522 

0.495 

0.999 

0.522 

0.500 

0.521 

0.496 

0.999 

0.521 

0.501 

0.520 

0.497 

0.999 

0.520 

0.502 

0.519 

0.496 

C.999 

0.519 

0.501 

0.518 

3.495 

0.999 

0.518 

0.500 

0.51  1 

3.493 

0.998 

0.517 

0.498 

0.516 

0.489 

0.998 

0.516 

0.494 

0.515 

0.483 

0.998 

0.515 

0.488 

0.514 

0.4  74 

0.998 

0.514 

0.479 

0.513 

0.462 

0.998 

0.513 

0.467 

0.512 

0.442 

0.993 

0.512 

0.446 

0.511 

3.422 

0.998 

0.511 

3.426 

0.510 

0.394 

0.998 

0.510 

0.398 

0.509 

3.360 

0.998 

0.509 

0.364 

3.538 

0.320 

0.998 

3.538 

3.323 

0.507 

0.280 

0.998 

0.507 

0.283 

0.506 

0.236 

0.997 

0.506 

0.239 

0.505 

0.200 

3.997 

3.535 

0.232 

0.504 

0.168 

0.997 

0.504 

0.170 

0.503 

3.  140 

C.997 

0.503 

0.142 

0.502 

0.120 

0.997 

0.532 

0.121 

0.501 

0.  105 

0.997 

0.531 

0.106 

C.500 

0.094 

0.997 

0.500 

0.095 

C.499 

3.338 

0.997 

0.499 

0.089 

C.498 

0.C82 

0.997 

0.498 

0.033 

0.497 

0.C80 

0.997 

0.49  7 

0.081 

3.496 

3.080 

0.997 

0.496 

0.081 

0.495 

0.380 

0.997 

0.495 

0.081 

0.494 

0.379 

0.997 

0.494 

3.380 

0.493 

0.080 

0.997 

0.49  3 

0.381 

0.492 

0.080 

0.996 

0.492 

0.081 

0.491 

0.383 

0.996 

0.491 

0.081 

0.490 

0.083 

0.996 

0.490 

0.031 

0.489 

0.082 

0.996 

0.489 

0.083 

0.488 

0.082 

0.996 

0.438 

0.033 

0.487 

0.082 

0.995 

0.497 

0.083 

0.486 

0.082 

0.995 

0.486 

0.083 

0.485 

9.381 

0.995 

0.485 

3.082 

0.484 

3.081 

0.995 

0.434 

0.082 

0.483 

0.080 

0.995 

0.483 

0.081 

0.482 

0.080 

0.994 

0.482 

0.081 

0.481 

0.078 

0.994 

0.481 

0.079 

0.480 

0.077 

0.994 

0.480 

0.078 
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Table  2.5-26.  High-resolution  transmission  scan,  Pbl?-parylene  No.  628A11A, 
at  5°C. 


TEX  P = 5.  PBI2  PARY  628A  1 1 -A  7-17  ?.Ht 


KL  FXP 

T EXP 

CALIB 

Wl 

TRAMS 

C.  525 

0.4  97 

1.000 

0.525 

0.497 

0.  524 

0.498 

1.000 

0.524 

0.498 

0.523 

0.498 

1.000 

0.523 

0.498 

0.522 

3.498 

0.999 

0.522 

0.498 

0.521 

0.499 

0.999 

0.521 

0.499 

0.520 

0.498 

3.999 

0.520 

0.498 

0.519 

3.498 

3.999 

3.519 

0.498 

0.518 

0.497 

0.999 

0.518 

0.49  7 

0.  517 

0.494 

0.998 

3.517 

0.495 

0.516 

0.490 

3.998 

0.516 

0.491 

0.515 

0.483 

0.998 

0.515 

0.4«4 

0.514 

0.474 

0.998 

0.514 

0.475 

0.513 

3.459 

0.998 

0.513 

0.460 

0.512 

0.440 

0.  398 

0.512 

3.441 

0.511 

0.413 

0.998 

0.511 

0.414 

o.->io 

0.389 

0.998 

0.510 

0.390 

0.509 

0.352 

0.998 

0.509 

0.353 

n . sr>H 

T . 1 1 U 

r>  -QQn 

n.  *50  8 

n.  11  5 

0.507 

0.271 

0.998 

0.537 

0.272 

0.506 

0.  231 

0.99  7 

0.506 

0.232 

0.505 

0.  1 98 

0.997 

0.505 

0.199 

0.504 

0.  168 

0.997 

0.  534 

0.169 

0.50  3 

0.  143 

0.997 

0.533 

0.  143 

0.502 

0.  121 

0.997 

0.502 

0.121 

0.501 

0.  109 

9.997 

0.501 

0.  109 

0.500 

0.  C98 

0.997 

0.530 

0.098 

0.499 

0.093 

3.997 

0.499 

0.090 

0.49B 

3.086 

0.997 

0.498 

0.086 

0.497 

0.082 

0.997 

0.497 

0.382 

0.496 

0.080 

0.997 

0.496 

0.080 

0.495 

0.  C80 

0.997 

0.495 

0.080 

0.494 

0.080 

0.997 

0.494 

0.080 

0.493 

3. 383 

(3.997 

0.493 

0.030 

0.492 

0.080 

0.996 

0.492 

0.080 

0.491 

0.081 

0.996 

0.491 

0.081 

0.490 

3.  382 

0.996 

0.490 

0.082 

0.409 

0.  082 

0.996 

0.489 

0.082 

0.488 

0.083 

0.996 

0.488 

0.083 

3.48  7 

0.083 

0.995 

0.487 

0.083 

0.486 

0.083 

0.995 

0.486 

0.083 

0.485 

0.082 

0.995 

0.485 

0.092 

0.484 

0.381 

0.995 

0.484 

0.091 

0.483 

0.080 

0.995 

0.433 

0.080 

0.482 

0.080 

0.994 

0.482 

(3.080 

0.481 

0.0  79 

0.994 

0.481 

".079 

0.480 

0.078 

0.994 

0.480 

0.078 
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Table  2 


5-27.  High-resolution  transmission  scan,  Pbl?-parylene  No.  628A11A, 
at  10°C. 


TFMP=  11.  PBI2  PARY  628A  U-A  7-17  3.18 


taL  EXP 

T EXP 

CALI  8 

WL 

TRAMS 

1.525 

J.  446 

l . 110 

0.525 

0.497 

0.524 

1.496 

1.000 

0.524 

0.497 

0.  52  3 

0.447 

1.000 

0.523 

0.498 

C.  522 

1.49/ 

1.999 

1.522 

0.499 

0.521 

1.497 

0.999 

0.521 

0.499 

0.520 

0.49/ 

0.999 

0.520 

0.499 

0.519 

0.496 

0.999 

0.519 

0.497 

0.518 

0.494 

0.999 

0.518 

0.495 

0.517 

0.490 

0.998 

0.517 

0.492 

0.516 

0.486 

1.998 

0.516 

0.438 

0.515 

1.480 

0.998 

0.515 

0.482 

0.514 

0.470 

0.998 

0.514 

0.472 

0.513 

0.455 

0.998 

1.513 

0.457 

0.512 

0.435 

0.998 

0.512 

0.437 

0.511 

0.40  7 

0.998 

0.511 

0.419 

0.510 

0.379 

0.998 

0.510 

0.331 

/s  r r\r% 

_ _ _ 

A A 

•j  • j 'J  ’y 

'Ja't'l  O 

\j 

ci . j'tu 

0.508 

0.307 

0.998 

0.518 

0.308 

0.51/ 

0.26/ 

0.998 

0.517 

0.266 

0.506 

0.229 

0.997 

0.596 

0.230 

0.505 

0.  192 

0.197 

0.505 

0.193 

0.504 

0.164 

0.997 

1.514 

0.165 

0.503 

0.  141 

1.997 

0.503 

0.142 

0.502 

0.122 

0.997 

0.512 

0.123 

0.511 

0.  109 

0.997 

0.511 

0.110 

0.500 

1.098 

0.997 

0.  500 

0.098 

0.499 

0.091 

0.997 

0.499 

0.091 

C.498 

0.088 

0.997 

0.498 

0.088 

0.497 

0.  084 

0.997 

0.497 

0.094 

0.496 

0.083 

0.997 

1.496 

0.083 

0.495 

0.082 

0.997 

0.495 

0.082 

0.494 

0.081 

0.997 

0.494 

0.081 

0.493 

0.082 

0.997 

0.493 

0.082 

0.492 

0.  082 

0.996 

0.49  2 

0.082 

0.491 

0.083 

0.996 

0.441 

0.084 

0.490 

1.084 

0.996 

0.491 

0.185 

0.489 

0.084 

0.996 

0.489 

0.085 

0.488 

0.084 

0.996 

0.488 

0.085 

0.487 

0.084 

0.995 

1.487 

0.085 

0.486 

0.184 

0.995 

0.486 

0.035 

0.485 

0.082 

0.995 

0.485 

0.083 

0.484 

0.081 

0.995 

1.484 

0.082 

0.483 

0.080 

0.995 

0.483 

0.091 

0.482 

0.080 

0.994 

0.482 

0.081 

0.481 

0.079 

0.994 

0.481 

0.180 

0.480 

0.  076 

0.994 

0.480 

0.077 

1 
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Table  2.5-28.  High- resolution  transmission  scan,  Pbl,-parylene  No.  62A11A, 
at  15°C.  c 

TIFVP»  15.  Pei2  PARY  628A  ll-A  7-17  3.A5 


Wl  LXP 

T tXP 

CAL  I 8 

WL 

TRANS 

0.525 

0.A96 

1 .300 

0.525 

0.A97 

0.52A 

9.  A 96 

1 .000 

0.52  A 

0.A97 

0.  523 

0.  A 95 

1.000 

0.52  3 

0.A96 

0.522 

0.A95 

0.999 

0.522 

0.A96 

0.521 

0.A96 

0.999 

0.521 

0.A97 

0.520 

0.A9A 

0.999 

0.520 

0.A95 

0.519 

0.A93 

0.999 

0.519 

0.A9A 

0.518 

0.A91 

0.999 

0.518 

0.A92 

0.517 

0.A88 

0.998 

0.517 

0.A90 

0.516 

3.AB2 

0.998 

0.516 

0.A8A 

0.515 

0.A73 

0.998 

0.515 

0.A75 

0.51* 

0.  A61 

0.998 

0.  51 A 

0.A63 

0.513 

0.  AA5 

0.998 

0.513 

0.AA7 

0.512 

0.A25 

0.998 

0.512 

0.A27 

0.511 

0.399 

0.998 

0.511 

O.AOl 

0.  510 

0.366 

0.998 

0.510 

0.367 

0.509 

9.330 

0.998 

0.509 

0.331 

0 • 50o 

0.296 

0.998 

0.508 

0.297 

0.507 

0. 2oO 

0.998 

0.50  7 

0.261 

0.506 

0.22  3 

0.957 

3.506 

0.22A 

0.505 

0.  190 

0.99  7 

0.533 

0.191 

0 . 50  A 

9.165 

0.997 

0.50  A 

0.166 

0.503 

0.  1 AO 

0.997 

0.503 

3.1A1 

0.502 

0.  12A 

0.997 

0.532 

0.125 

0.501 

0.111 

0.997 

0.531 

0.112 

3.500 

0.  100 

0.997 

0.533 

0.101 

0.  A 99 

0.  C9A 

0.997 

0.A99 

3.09A 

0.A98 

0.  391 

0.99/ 

0.A98 

3.091 

0 • A 9 7 

0.088 

0.997 

0.A97 

0.088 

0.A96 

0.087 

0.997 

3.A96 

0.387 

3.A95 

0.08A 

0.99  7 

0.A95 

0.08A 

0.  A9A 

0.08A 

0.997 

0.A9A 

3.08A 

0.A93 

0.08A 

0.997 

0.A9  3 

0.08A 

0.*92 

0.  385 

0.996 

0.A92 

0.086 

0.  *91 

0.085 

0.996 

0.A91 

0.066 

0.A90 

0.  OH  6 

0.996 

0.A90 

0.087 

0.A89 

0.086 

0.996 

0.A39 

9.087 

0 . A 8 8 

0.086 

0.996 

0.A88 

0.087 

0.A8  7 

0.  086 

0.995 

0.A87 

9.08  7 

0.  1 66 

0.C86 

0.995 

0.A86 

3.087 

0.A8  5 

0.085 

0.995 

0.A85 

0.086 

0.  AHA 

0.083 

0.995 

0.  AHA 

0.08A 

0.t83 

9.08  2 

0.995 

0.A83 

0.083 

0.  A82 

0.081 

0.99A 

0.A82 

0.082 

9.A81 

0.080 

0.99A 

0.A81 

0.081 

O.A80 

3.379 

0.99  A 

0.A90 

0.080 
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Table  2.5-29.  High-resolution  transmission  scan,  Pbl,-parylene  No.  628A11A, 
at  20°C.  c 

TEMP*  20.  PB 12  PARY  629A  1L-A  7-L7  A. 00 


ML  EXP 

T EXP 

CAL  18 

ML 

TRANS 

0.525 

0.497 

1.000 

0.525 

0.497 

0.52** 

0.496 

1.300 

0.524 

0.496 

0.523 

0.496 

l .000 

0.523 

0.496 

0.522 

0.496 

0.999 

0.522 

0.496 

0.521 

0.494 

0.999 

0.521 

0.494 

0.520 

0.494 

0.999 

0.520 

0.494 

0.519 

0.492 

0.999 

0.519 

0.492 

3.518 

0.490 

0.999 

0.518 

3.490 

3.517 

0.404 

3.998 

0.517 

0.435 

0.516 

0.479 

0.998 

0.516 

0.490 

0.515 

0.469 

3.998 

0.515 

0.473 

0.514 

0.456 

0.998 

0.514 

0.457 

0.513 

0.439 

0.998 

0.513 

0.440 

0.512 

0.416 

0.998 

0.512 

0.417 

0.511 

0.  388 

0.998 

0.511 

0.339 

0.513 

0.  359 

0.998 

0.510 

3.360 

0.509 

3.322 

0.998 

0.509 

0.323 

0.508 

0.287 

0.998 

0.538 

0.288 

0.53  7 

0.253 

0.998 

0.507 

0.254 

0.53b 

3.217 

0.997 

0.506 

0.218 

0.505 

0.189 

0.997 

0.505 

0.190 

0.504 

0.  161 

0.997 

0.504 

0.161 

0.503 

0.  143 

9.997 

3.503 

0.140 

0.502 

0.125 

0.997 

0.502 

0.125 

0.5J1 

0.113 

0.997 

0.531 

0.113 

3.500 

3.103 

0.997 

0.530 

0.103 

0.499 

0.096 

0.997 

0.499 

0.096 

0.498 

0.394 

0.997 

0.498 

0.094 

0.497 

3.093 

0.997 

3.497 

3.090 

0.496 

0.089 

0.997 

0.496 

0.089 

0.495 

0.388 

0.997 

0.495 

0.088 

0.494 

0.387 

3.997 

0.494 

0.037 

0.493 

3.  086 

0.997 

3.493 

0.386 

0.492 

3.  386 

0.996 

3.492 

0.386 

0.491 

0.087 

0.996 

0.491 

0.087 

0.493 

0.088 

0.996 

0.490 

0.088 

0.489 

3.087 

0.996 

3.489 

0.087 

0.488 

0.086 

0.996 

0.488 

0.086 

0.487 

0.085 

0.995 

3.487 

0.085 

0.486 

0.084 

3.995 

3.486 

0.084 

0.485 

0.  083 

3.995 

0.485 

0.083 

0.484 

0.081 

0.995 

0.484 

0.061 

0.483 

0.080 

0.995 

0.433 

3.080 

0.482 

0.083 

3.994 

0.482 

0.080 

0.481 

0.079 

0.994 

0.481 

0.079 

C.483 

3.  376 

0.994 

0.480 

0.076 

Table 


.5-30.  High-resolution  transmission  scan,  Pbl,-parylene  No. 
at  30°C.  1 


TEPP  = 

30. 

PHI2 

PARY  628 A 11 

hL  EXP 

T EXP 

C4L!  8 

WL 

TRANS 

0.525 

0.497 

1.000 

0.52  5 

0.497 

C.524 

0.497 

1.000 

0.524 

0.497 

0.523 

0.496 

1.000 

0.523 

0.496 

0.522 

0.494 

0.999 

0.522 

0.494 

0.521 

0.  493 

0.999 

0.521 

0.49  3 

0.520 

3.490 

0.999 

0.520 

0.490 

0.51V 

0.489 

0.999 

0.519 

0.489 

0.510 

0.484 

0.999 

0.518 

0.484 

0.51  7 

0.4  79 

0.998 

0.517 

0.480 

0.  51b 

0.4  70 

0.998 

0.516 

0.471 

0.515 

0.459 

0.998 

0.515 

0.460 

0.51  4 

0.443 

0.998 

0.  514 

0.444 

0.513 

0.426 

0.998 

0.513 

0.427 

0.512 

<3.  *01 

0.998 

0.512 

0.402 

0.  51 1 

0.  3 73 

0.998 

0.511 

0.374 

0.510 

0.344 

0.998 

0.510 

0.345 

0.  500 

0.310 

0.998 

0.509 

0.311 

0.508 

0.277 

0.993 

0.508 

0.278 

0.507 

0.244 

0.998 

0.507 

0.244 

0.506 

0.212 

0.997 

0.506 

0.213 

0.505 

0.  L 87 

3.997 

0.505 

0.188 

0.504 

0.162 

0.997 

0.504 

0. 162 

0.503 

0.  142 

0.997 

0.533 

0.142 

0.502 

0.  127 

0.997 

0.502 

0.127 

0.501 

0.114 

0.997 

0.501 

0.114 

0.500 

0.  107 

0.99  7 

0.5  30 

0.107 

0.409 

0.  100 

0.99  7 

0.499 

0.100 

0.498 

0.096 

0.997 

0.49  8 

0.096 

0.407 

0.093 

0.997 

0.497 

0.093 

0.496 

0.  091 

0.997 

0.496 

0.091 

0.495 

0.090 

0.997 

0.495 

0.090 

0.494 

0.090 

0.997 

0.494 

0.090 

0.49  3 

0.090 

0.997 

0.49  3 

0.090 

0.492 

0.090 

0.996 

0.492 

0.090 

0.491 

3.089 

0.996 

0.491 

0.089 

0.490 

0.089 

0.996 

0.49  0 

0.089 

0.489 

0.088 

0.996 

0.489 

0.088 

0.488 

0.088 

3.996 

3.488 

0.088 

C.487 

0.087 

0.995 

0.487 

0.087 

0.486 

0.086 

0.995 

0.486 

0.086 

0.485 

0.  084 

0.995 

0.985 

0 . 084 

0.484 

0.082 

0.995 

0.484 

0.082 

0.<*83 

0.081 

0.995 

0.483 

0.081 

0.482 

0.080 

0.994 

0.482 

0.080 

0.481 

0.078 

0.994 

0.481 

0.078 

0.480 

0.077 

0.994 

0.430 

0.077 

628A11A, 

1 
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Table  2.5-31  . High-resolution  transmission  scan,  Pbl9-parylene  No.  628A11A, 
at  38  °C.  c 


TE*P*  35.  PBI2  PARY  628A  U-A  7-17  4.57 


«*L  EXP 
0.525 
0.524 
0.523 
0.522 
0.521 
0.520 
0.51Q 
0.510 
0.51  7 
7.514 
0.51  d 
0.514 
0.51  I 
0.512 
0.511 
0.510 
0.504 
0.508 
0.507 
3.506 
0.  50  5 
J.50* 
0.503 
0.502 
0.501 
0.500 
0.499 
0.498 
0.497 
0.496 
0.495 
0.494 
0.49  3 
0.492 
0.491 
0.490 
0.4U9 
0.488 
7.487 
0 • *86 
0.485 
C.  484 
0.483 
0.482 
0.481 
0.480 


T EXP 
0.497 
0.497 
0.4  96 
0.495 
0.493 
0.490 
0.489 
0.482 
0.4  79 
7.469 
0.458 
0.442 
0.421 
0.  398 
0.3  70 
0.340 
0. 3.74 
0.272 
0.240 
0.213 
0.  183 
J.  162 
0.  143 
0.  129 
0.  118 
0.  109 
'7.101 
<0.  099 
0.095 
0.092 
0.C90 
0.090 
0.09  7 
0.090 
0.090 
0.090 
0.090 
0.  099 
0.088 
0.087 
0.085 
0.083 
0.080 
0.079 
0.078 
0.076 


CAUrt 
1.300 
1.000 
1.000 
0.999 
0.999 
>7.  799 
7.999 
0.999 
0.998 
0.998 
0.998 
0.598 
0.^98 
0.993 
0.998 
0.998 
0.998 
7.998 
0.998 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0. 797 
0.99  7 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.996 
0.996 
0.996 
0.996 
0.996 
0.995 
0.995 
0.995 
0.995 
0.995 
0.994 
0.994 
0.994 


WL 

9.525 
0.524 
0.523 
0.522 
0.521 
0.520 
0.519 
0.513 
0.517 
0.516 
0.515 
0.514 
0.513 
0.512 
0.511 
0.510 
0.5  79 
0.  503 
0.577 
0.506 
0.505 
0.  504 
0.503 
0 .502 
0.501 
0.500 
0.499 
0.498 
0.497 
3.496 
0.495 
0.494 
0.493 
0.492 
0.491 
0.490 
0.489 
0.438 
0.437 
0.4  36 
0.485 
0.484 
0.483 
0.482 
0.491 
0.480 


TRAMS 
0.497 
0.497 
0.496 
0.495 
0.493 
0.490 
0.489 
0.482 
0.430 
0.470 
0.459 
0.443 
7.422 
0.399 
0.371 
7.341 
0.305 
0.273 
0.240 
7.214 
0.134 
0.162 
0.  143 
7.129 
3.118 
0.109 
7.171 
0.099 
0.095 
7.092 
0.090 
0.090 
0.090 
0.090 
0.090 
0.090 
0.090 
0.089 
0.088 
0.087 
7.085 
0.083 
0.080 
3.3  79 
0.078 
0.076 
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Table  2.5-3Z.  High-resolution  transmission  scan,  Pbl0-parylene  No.  628A11A, 
at  40°C.  2 


1 E PP-  43.  PBI2  PARY  628A  11-A  7-17  5. IS 


kL  EXP 

T PXP 

CAL  1 8 

ML 

TRANS 

3.525 

3.497 

1.303 

3.52  5 

3.497 

0.524 

0.497 

1.000 

0.524 

0.497 

0.523 

3.495 

1.000 

0.523 

0.495 

0.522 

3.494 

3.999 

3.522 

0.494 

0.521 

0.492 

0.999 

0.521 

0.492 

0.520 

0.489 

0.999 

0.520 

0.489 

0.519 

0.487 

0.999 

0.519 

3.487 

0.51b 

0.480 

0.999 

0.518 

0.430 

0.517 

0.473 

0.998 

0.517 

0.474 

o.  5i  r 

0.464 

0.998 

3.516 

0.465 

0.515 

0.452 

0.998 

0.515 

0.453 

J.  514 

0.435 

0.998 

0.514 

0.436 

0.513 

3.416 

.3.998 

3.513 

0.417 

0.512 

0.341 

0.998 

0.512 

0.392 

0.511 

3.  361 

0.998 

0.511 

0.362 

C.510 

0.333 

0.998 

3.51  3 

0.331 

0.509 

0.301 

0.998 

0.5-39 

0.302 

0.50b 

0.26b 

0.998 

0.538 

0.269 

0.50  7 

3.237 

0.998 

0.537 

3.237 

0.506 

0.213 

0.997 

0.506 

0.211 

0.505 

0.182 

0.99  7 

0.50  5 

0.183 

J.5J4 

3.  Jo) 

3.997 

0.534 

0.  160 

C.  503 

0.143 

0.997 

0.53  3 

0.143 

0.532 

0.12u 

0.497 

0.502 

0.128 

0.531 

3.119 

0.99  7 

3.531 

0.119 

0.500 

0.110 

0.997 

0.500 

0.110 

0.499 

0.104 

0.94  7 

0.499 

0.104 

0.498 

0.13  3 

0.997 

3.498 

0.103 

0.497 

0.C98 

0.497 

0.49  7 

0.098 

0.496 

0.  095 

0.997 

0.496 

0.095 

0.495 

0.093 

0.997 

0.495 

0.093 

0.494 

0.092 

0.997 

0.494 

0.092 

0.443 

0.391 

0.997 

3.493 

0.391 

0.492 

0.090 

0.996 

0.492 

0.090 

0.441 

3.090 

0.996 

0.491 

0.090 

0.490 

0.093 

0.996 

0.493 

0.390 

0.4«9 

0.090 

0.996 

0.489 

0.090 

0.488 

0. 089 

0.946 

0.488 

0.089 

0.487 

0.  088 

0.99  5 

0.487 

0.088 

0. 486 

0.08  7 

0.995 

0.486 

0.087 

0.485 

0.  085 

0.995 

0.485 

0.085 

0.404 

0.  >383 

0.995 

0.484 

0.383 

0.483 

O.OPl 

0.995 

0.483 

0.081 

0.482 

0.080 

0.994 

0.482 

0.080 

0.4H1 

0.0  78 

0.994 

3.481 

0.078 

0.480 

0.P76 

0.994 

0.480 

0.076 

u 
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Table  2.5-33.  High-resolution  transmission  scan,  Pbl9-parylene  No.  628J|llA 
at  45°C.  L 


TEMP  = 45.  PR l 2 PARY  628A  ll-A  7-17  5 


.A!  \ 


ML  EXP 
0.525 
0.524 
0.52  3 
0.522 
0.521 
0.520 
0.519 
0.518 
0.517 
0.  516 
0.315 
0.514 
0.513 
0.312 
0.511 
0.510 
0 .509 
0.508 
0.507 
0.506 
0.505 
0.504 
0.503 
0.502 
0.501 
0.500 
0.499 
0.498 
0.497 
0.496 
0.495 
0.494 
0.493 
0.492 
0.491 
0.490 
0.489 
0.488 
0.487 
0.486 
0.485 
0.484 
0.483 
0.482 
0.481 
0.480 


T EXP 
0.497 
0.4  9a 
0.494 
0.493 
3.490 
0.486 
0.483 
0.4  78 
0.470 
0.463 
0.448 
0.4  29 
0.409 
0.377 
0.355 
0.324 
0*292 
0.265 
0.233 
0.205 
0.  182 
0.  159 
0.  144 
0.  130 
0.120 
0.112 
0.  107 
0.107 
0.  100 
0.098 
0.096 
0.094 
0.093 
0.091 
0.090 
0.090 
0.090 
0.  090 
0.089 
0.088 
0.087 
0.084 
0.082 
0.080 
0.078 
0.0  76 


CALI  8 
1.000 
1.90) 
1.000 
0.  999 
0.999 
0.999 
0 .999 
0.999 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.998 
0.997 
0.997 
0.997 
0.997 
0.997 
0.09  7 
0.997 
0.997 
0.097 
0.997 
0.997 
0.997 
0.997 
0.997 
0.996 
0.996 
0.996 
0.996 
0.996 
0.995 
0.995 
0.995 
0.995 
•0.995 
0.994 
0.994 
0.994 


ML 

0.525 

0.524 

0.523 

0.522 

0.521 

0.520 

0.519 

0.518 

0.517 

0.516 

0.515 

0.514 

0.513 

0.512 

0.511 

0.510 

0.509 

0.508 

0.507 

0.506 

0.505 

0.504 

0.503 

0.502 

0.501 

0.500 

0.499 

0.498 

0.497 

0.496 

0.495 

0.494 

0.493 

0.492 

0.491 

0.490 

0.439 

0.488 

0.487 

0.486 

0.485 

0.484 

0.483 

0.482 

0.481 

0.480 


TRANS 
0.497 
0.496 
0.494 
0.493 
0.490 
0.488 
0.483 
0.478 
0.471 
0.461 
0.449 
0.430 
0.410 
0.378 
0.356 
0.325 
0.293 
0.266 
0.233 
0.206 
0.183 
0.159 
0.  144 
0.130 
0. 120 
0.112 
0.107 
0.102 
0.100 
0.098 
0.096 
0.094 
0.093 
0.091 
0.090 
0.090 
0.090 
C .090 
0.089 
0.088 
0.087 
0.084 
0.082 
0.080 
0.078 
0.076 





Table  2.5-34.  High-resolution  transmission  scan,  Pbl,-parylene  No.  628A11A, 
at  50°C.  £ 


TF.MP*  50.  P B I <>  PARY  628A  Ll-A  7-17  6.00 


Vi L EXP 

1 EXP 

C4LI8 

Wl 

TRAMS 

0.525 

0.497 

l .000 

0.525 

0.49  7 

0.524 

0.496 

1 . 030 

3.524 

0.496 

0.523 

0.493 

1.300 

0.523 

0.493 

0.52? 

0.490 

0.999 

0.522 

0.490 

0.521 

0.489 

3.999 

0.521 

0.489 

C.52'3 

3.43  7 

0.999 

0.520 

0.487 

0.519 

0.480 

0.999 

3.519 

0.480 

0.518 

3.475 

0.999 

3.513 

0.475 

0.517 

0.466 

0.998 

0.517 

0.467 

0.516 

0.454 

0.998 

0.516 

0.455 

0.515 

0.440 

0.998 

3.515 

0.441 

0.514 

3.424 

0.998 

0.514 

0.425 

0.513 

0.400 

C.99  8 

0.513 

0.431 

0.512 

0.377 

0.998 

0.512 

0.378 

0.511 

0.  350 

0.998 

0.511 

0.351 

C.MO 

0.018 

0.99  8 

0.510 

0.018 

0.509 

0.287 

0.99  8 

0.539 

0.288 

0.  508 

0.258 

0.998 

0.503 

0.259 

0.507 

0.  230 

0.598 

0.507 

3.230 

0.5  06 

0.201 

0.997 

0.536 

0.232 

0.505 

0.  179 

0.997 

0.535 

0.130 

3.504 

0.  160 

0.997 

0.534 

0.160 

0.503 

0.  144 

0.997 

3.5)3 

3.144 

0.502 

0.131 

0.997 

0.502 

0.131 

0.501 

0.  121 

0.997 

0.531 

0.121 

0.500 

0.113 

3.997 

3.53  3 

0. 113 

0.499 

0.108 

0.997 

0.499 

0.108 

0.498 

0.104 

0.997 

0.498 

0.104 

0.^97 

J.  101 

0.997 

0.497 

3.101 

C.  496 

0.  099 

0.99  7 

0.496 

0.099 

0.495 

0.097 

0.997 

0.495 

0.097 

0.494 

0.097 

0.997 

0.494 

0.097 

0.493 

0.394 

0.997 

0.493 

0.094 

0.492 

0.093 

0.996 

3.492 

0.093 

0.491 

0.393 

0.996 

0.491 

0.093 

0.490 

0.091 

0.996 

0.490 

0.091 

0.489 

0.090 

0.996 

0.489 

0.090 

0.489 

3.090 

0.996 

0.488 

0.090 

0.4b  7 

3.390 

0.995 

0.487 

0.090 

0.486 

0.009 

0.99  5 

0.486 

0.089 

0.485 

0.  037 

0.995 

0.48  5 

0.087 

0.484 

0.085 

0.995 

0.484 

0.085 

0.483 

0.382 

0.995 

0.483 

0.382 
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Table  2.5-35.  High- resolution  transmission  scan,  Pbl2-parylene  No.  628A11A, 
at  25°C  (at  end  of  temperature  cycling;. 


T£MP=  25.  P812  PaKY  62HA  ll-A  7-17  6.32 


HL  EXP 

T EXP 

CALIU 

M L 

TRAiS 

0.525 

0.  499 

1.300 

0.525 

0.498 

0.524 

0.  498 

1 . 300 

0.524 

3.497 

0.523 

0.497 

1.33) 

3.523 

0.496 

0.522 

0.497 

3.999 

0.5  32 

0.496 

0.52  1 

0.495 

0.999 

0.521 

0.495 

0.520 

0.4  94 

0.999 

0.523 

9.494 

0.519 

0.491 

3.999 

0.519 

0.4)1 

0.51  8 

0.4  89 

0.999 

3.518 

1.439 

0.517 

0.483 

0.998 

3.517 

0.483 

0 , 5 1 0 

0.4  76 

0 . 99d 

0.516 

0.476 

0.515 

0.468 

0.998 

3.  515 

3.468 

0.514 

0.455 

0.998 

0.514 

0.455 

0.513 

0.4  39 

C .998 

0.513 

0.439 

0.512 

0.413 

0.998 

0.512 

0.413 

0.5!  1 

0.384 

3.899 

0.  511 

0.334 

0.510 

0.351 

3.998 

0.510 

0.351 

0.509 

0.317 

0.99e 

3.5)9 

3.317 

0.  508 

0.283 

0.998 

3.5)8 

0.283 

0.507 

0.  251 

0.998 

0.537 

0.251 

0.506 

0.  221 

0.99  7 

3.5)6 

0.221 

0.505 

0.  195 

0.997 

0.5  35 

0.175 

0.504 

0 . 1 70 

0.99  7 

0. 504 

0.170 

0.503 

0.149 

0.99  7 

3.5)3 

0.149 

0.502 

0.  130 

0.997 

3.5)2 

0.130 

0.5JI 

0.  116 

C.997 

0.531 

3.116 

0.500 

0.106 

0 . 99  7 

3.5)3 

3.1)6 

0.499 

0.099 

9 . 99  7 

0.499 

0. 399 

0.498 

0.094 

0.997 

0.498 

3.394 

0.497 

0.091 

0.997 

3.49  7 

0.  091 

0.496 

0.090 

0.997 

0 . 496 

0.390 

0.49  5 

0.  C90 

3.997 

0.49  5 

0.090 

0.494 

0.089 

0.997 

0.494 

0.089 

0.493 

0.089 

0.99  7 

0.493 

0.389 

0.492 

0. 089 

0.996 

3.492 

0.089 

0.491 

0.  089 

0.99  a 

0.491 

0.089 

0.490 

0.  C8& 

0.996 

0.490 

0.088 

0.489 

0.088 

0.996 

0.439 

0.088 

0.488 

3 • C83 

0.996 

0.488 

0.083 

0.48  7 

0.087 

0.995 

0.487 

3.087 

0.4B6 

0.086 

0.99  5 

0.486 

0.086 

0.4R5 

0.  094 

0.995 

3.405 

0.034 

0.484 

0.  032 

0.995 

0.484 

0.082 

0.48  3 

0.081 

0.995 

0.48  3 

0.031 

0.482 

0.080 

a.  994 

0.4  32 

0.380 

0.481 

0.078 

0.994 

0.431 

0.078 

0.480 

0.075 

0.99  4 

0.480 

0.375 
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TABLE  2.5-36.  Thickness.  Refractive  Index,  and  Dispersion  Parameters 
for  Pbl2*pary1ene  Sample  628A11A,  by  Computer  Analysis 
of  Transmission  Curves. 


Absorption-edge  Scan  from  600  nm  to  420  nm,  with  Higher  Resolution. 


Low- resolution  Scan  from  900  nm  to  400  nm. 

High- resolution  Scans;  1 nm/lnch,  1/16  nm/second. 
High-resolution  Scan;  10  nm/lnch,  1/2  nln/second. 


The  refractive  index  for  Pbl2  is  considerably  lower  for  Sample  628A11A 
on  parylene  than  for  Sample  210A9  on  glass.  At  0.6y  wavelength  n = 3.19 
for  Sample  210A9  and  n =*  2.5  for  Sample  628A11A.  This  indicates  a substan- 
tial difference  between  the  physical  characteristics  of  the  two  films,  both 
in  density  and  in  degree  of  polycrystalline  orientation.  The  Pbl,  film 
628A11A  on  parylene  was  deposited  at  a rate  of  70  A per  minute  with  a sub- 
strate temperature  of  23°C.  The  Pbl,  film  210A9  on  glass  was  deposited  at 
a rate  of  167  A per  minute  with  a substrate  temperature  of  150°C. 

Apparently,  the  higher  substrate  temperature  is  critical  to  the  growth  of 
highly  oriented  Pbl2  films.  Unfortunately,  the  parylene  membranes  are  not 
likely  to  survive  150°C  temperatures  without  sagging,  so  that  re-mounting 
onto  a smaller  support  ring  would  become  necessary. 

Transmission  curves  were  also  run  for  Pbl2-parylene  Sample  808B2J,  as 
shown  in  Figures  2.5-64  through  -72,  and  the  accompanying  Tables  of  high- 
resolution  data  for  the  absorption  edge.  A single  transmission  scan  was 
made  for  Sample  809A2K  at  25°C,  shown  in  Figure  2.5-63,  and  for  Sample 
707A2D  as  shown  in  Figures  2.5-73  through  -75.  These  curves  have  not  been 
analyzed  by  computer  at  present,  but  some  qualitative  features  are  noteable. 
The  thickness  of  the  Pbl2  film  is  apparently  somewhat  larger  for  808B2J 
than  for  previous  samples,  as  evidenced  by  the  relatively  closely  spaced 
extrema.  Of  particular  interest  is  the  sharp  transmission  peak  located 
just  at  the  long-wavelength  side  of  the  absorption  edge,  at  515  nm  for  25°C 
temperature.  This  peak  drops  from  3.10  percent  at  0°C  to  2.55  percent  at 
50°C.  This  peak  appears  to  shift  toward  the  minimum  at  530  nm  with  in- 
creasing temperature.  If  interference  did  not  contribute  to  the  transmission 
curves  at  all,  the  absorption  edge  would  shift  to  longer  wavelengths, 
causing  the  transmission  at  515  nm  to  drop  with  increasing  temperature. 
Therefore,  the  interference  phenomenon  is  enhancing  the  temperature  shift 
of  the  fundamental  absorption  edge  by  causing  the  transmittivity  at  515  nm 
to  drop  more  strongly  with  increasing  temperature.  The  location  of  inter- 
ference extrema  in  the  long-wavelength  portion  of  the  absorption  edge  will 
be  an  important  design  parameter,  influencing  the  thickness  of  thermo-optic 
transducer  films. 
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UOa Zi. r 112.  t U!  toil  *24  f.U  J.SJ 


Mi  ll»  V fw  CHI9 
0.400  0.454  C.475 
0.045  0.M4  t.1T* 

o.mo  o.»ia  o.iii 


0.000  0.491  C.4»? 
O.IT1  0.440  0.404 
0.010  0.412  C.440 
0.004  0.404  0.44| 

o.ooo  o.oov  e.4<o 


Ml  toons 

0.040  0.0TV 
0.044  0.000 

o.ooo  o.oor 
. Q.M)  0.021 
0.070  0.440 
0.074  0.4T1 
0.004  0.407 
0.004  0.410 
0.044  0.04) 


J^14J.00*J,1«_ 

__0.441  0.470 

0.040  O.OOO 

I.OCO 

0 • * 4 * 0.444 

0.004  0.021 

i.cci 

0.«44  0.4/4 

0.000  0.001 

l.CCl 

0.040  0.4|0 

0.014  0.440 

l.OCZ 

0.«ll  0.*40 

0.040  0.)0V 

l.CC) 

0.0/0  0.1*4 

JU02*  0.102 

I.CC4  _ 

0.0/1  0.4*4 

0.420  0.140 

1.004 

0.*|«  0.«*| 

0.014  0.414 

l.CC* 

0.411  0.1*0 

0.010  0.402 

I.CC4 

o.aoo  o.iti 

0.404  0.400 

l.CCl 

o.40i  o.i*o 

0.000  0.14* 

l.CC? 

0.74*  0.140 

0.744  0.40* 

1.004 

0.791  0.40? 

0.740  0.421 

I.0C4 

0.7*0  0.4/1 

0.104  0.44* 

I.OCO 

0.704  0.410 

0.100  0.44* 

1.010 

0.770  0.444 

0.774  0.4  74 

I.CC4 

0.774  0.4  74 

0.710  0.409 

I.OCO 

0. 70S  0.401 

0.7*4  0.4/4 

1.CC4 

0.701  0.5/7 

0.7*0  0.447 

1.0*4 

0.74*  0.444 

0.7)5 -0.404 

1.CC4  — 

-Dm  75)  0.54| 

0.740  0.*/* 

1 .CC4 

o.74*  e.o/a 

0.744  0.0*1 

I.OCO* 

0.744  0 .104 

0.740  0.704 

1.0C4 

0.7)0  9.100 

0.744  0.744 

l.Of  4 

0.?))  0.744 

0.740  0.704 

I.0C4 

0. ?/*  0.704 

-0.125  0.014 

1.CC4 

-0.?/)  0.9/1 

0.7/0  0.04/ 

l.CCl 

0.710  0.044 

0.714  0.074 

l.CC* 

0.711  0.074 

0.71C  C.MC 

l.CC? 

0.700  0.041 

0.704  0.040 

I.OC? 

0.74)  0.041 

0.700  0.477 
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FIGURE  2.5-66.  Transmission  of  Pbl?-parylene 
Mo.  808B2J  at  0°C. 
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Table  2.5-39.  High-resolution  Transmission 

Scan  of  Pbl,-parylene 

No. 

Q0CB2J  at  08C. 
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FIGURE  2.5-67.  Transmission  of  Pbl?-parylene 
No.  808B2J  at  10°C, 
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Table  2.5-40.  High-resolution  Transmission  Scan  of  Pbl9-parylene 
No.  808B2J  at  10°C.  i 
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FIGURE  2.5-68. 
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Table  2.5-41.  High-resolution  Transmission  Scan  of  Pbl„ 
Mo.  30fiB2J  at  20°C.  2 
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0.419  0.396  |.CC6  0.413  0.94* 

C.610  0.441  I.CC6  C. 600  C.944 

0.609  0.342  1.0C4  0.409  0.»4* 

0.400  0.404  I.CC4  0.144  0.402 

0.244  0.4|6  |, CIO 0.243  0.4|2 

0.240  0.490  1.010  0.266  0.4/6 

0.244  0.666  t.CIC  0.299  C.462 

0.290  0.464  I.CIO  0.2T9  0.441 

0.224  0.492  t.CIC  0.2V3  0.449 

0.22 0 0.4»C  t.CIC  0.264  C. 404 

0.264  0.434  t.CIO  0.263  0.434 

0.26C  0.424  t.CIC  0.249  0.924 
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FIGURE  2.5-69.  Transmission  of  Pbl?-parylene 
No.  808B2J  at  32°C, 


Table  2 


5-42,  High-resolution  Transmission  Scan  of  Pbl0-parylene 
No.  30GB2J  at  32°C.  2 
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0.78  9 0.440  l.CIO  0.783  0.434 

0.790  0.499  1.010  0.778  0.493 

0.779  0.479  I.CIC  C.771  0.479 

0.770  0.90?  l.CIO  0.769  0.499 

0.769  0.928  I.CIC  0.741  0.9?l 

0.740  0.9»0  1.010  0.748  0.991 

0.793  0.391  l.CIO 0.793  0.381 
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0.7IC  0.695  I.CIC  Q.7CB  0.M7 

0.709  0.903  1.010  0.701  0.991 

0.700  0.699  l.CIO  0.696  0.991 

0.899  0.878  1.01C 0.891  0.884 

0.440  0.668  1.010  0.668  0.819 

C .689  0.6IC  I.CIC  C.461  0.799 

0.880  0.788  1.010  0.678  0.798 

0.479  0.724  I.CIC  0.471  0.7|6 

C.670  0.68?  I.CII  0.666  0.77? 

048)  0.898  1.011 0.463  0.439 

e.460  0.4IC  I.CII  0.69*  0.601 

0.695  0.903  1.010  0.693  0.*79 

0.690  0.990  1.010  0.64*  0.591 

C.649  0.940  I.CIC  0.643  O.Ml 

0.660  A.4?6  l.CIO  0.634  0.419 

0.839  0.919  l.CIO. 0.8)1  0.312 

0.890  0.9(9  I. Cl?  C.628  0.907 

0.879  0.920  1.012  0.623  0.9|? 

8.820  0.919  I.CII  0.818  0.928 

0.819  0.44|  t.flll  0.4|3  0.943 

04110  0.983  (.010  0.466  6.979 

8.009  0.82C  I.CIC 0.603  0.712 

8.800  0.868  I .010  6.94#  0.74? 

0.994  0.?|6  (.CIO  0.491  O.?09 

8.990  8.77C  I.CIC  0.908  C. ?80 

0.909  0.609  I.OII  0.94)  0.794 

0.960  0.60?  l.CIO  0.976  0.769 

8.979  0.774  1.010  0.473  0.784 

8.970  6.699  I .811  0.986  8.869 

9.989  O.OCC  I.CI?  0.961  C.991 

8.968  8.690  I.CI?  8.999  8.480 

0.999  0.410  I .CIO  0.991  0.462 

8.44#  0.114  I.CI4  C.444  8.419 
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8.9/4  6.214  1.0(2  9.«?1  0.2|| 
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8.984  8.848  l.CIO  0.901  0.04? 

8.940  0.021  l.CIO  0.440  O.C/I 

8.449  0.014  1.810  0.441  0.614 

0.44C  0.017  l.CIO  0.468  0.817 

8.984  8.819  1.018  0.481  8.014 

8.480  8.012  1.810  0.470  0.012 

8.474  8.118  l.CCC- 8.471  8.189 

8.478  0.986  1.018  0.468  0.C86 

8.464  0.881  l.CIO  0.461  0.881 

8.968  0.8C1  I.CC9  C.490  O.COt 

8.649  0.6  I.0C5  9.449  9.8 

8.498  8.8  1. 40  0.444  9.0 

8.969  8.0  _ 1.002  0.441  8.0 

8.460  8.0  1.80  9.410  0.0 

8.414  8.8  I.CCI  C.411  8.8 

8.498  8.8  I.OCO  0.420  8.8 

8.429  8.8  I .8(8  8.429  8.8 


FIGURE  2.5-70 


Transmission  of  Pbl7-parylene 
No.  808B2J  at  40°C. 
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Table  2,5-43,  High-resolution  Transmission  Scan  of  Pblg-parylenc 
No.  803B2J  at  40°C. 

trMPs  40.  PBI2  PAPY  R08B  -?J  8.13  7.15 
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FIGURE  2.5-71.  Transmission  of  Pbl~-parylene 
No.  808B2J  at  25°c/ 
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FIGURE  2.5-72,  Transmission  of  Pbl~-parylene 
No.  808B2J  at  50°c/ 
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0.019 

0.490 

0.019 

1.010 

0.490 

0.019 

0.489 

0.0  18 

1.010 

0.489 

0.018 

0.488 

0.018 

1.010 

0.488 

0.018 

C.487 

0.017 

l.CIC 

0.487 

0 .Cl  7 

0.486 

0.016 

1.010 

0.486 

0.016 

0.485 

0.016 

1.010 

0.485 

0.016 

0.484 

0.015 

l.CIC 

0.484 

0.015 

0.483 

0.014 

1.010 

0.483 

0.014 

0.482 

0.014 

1.010 

0.482 

0.014 

0.48  1 

0.013 

1.C10 

0.481 

0.013 

0.480 

0.012 

1.010 

0.480 

0.012 
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FIGURE  2,5-73,  Transmission  of  Pt>I?-parylene  No,  707A2D 
at  25°C, 


Table  2.5-45.  Absorption  Edge  Transmission  of  Pblo-parylene 
No.  707A2D  at  25°C,  from  600  nm  to  440  nm. 


TEMP*  25.  PB  12  PARY  707A  -20 


• J I 

7.20  2.16 


Ml  EXP 

T EXP 

CAL  IB 

WL 

TkANS 

0.600 

0.398 

C.EE1 

0.6CC 

C.4C1 

0.595 

0.398 

C.  881 

0.355 

C.4C1 

0.590 

0.403 

C.fc£2 

0.350 

C.4C6 

0.585 

0.413 

C.E82 

0.385 

C.  4 16 

0.580 

0.429 

C.882 

0.380 

0.432 

0.575 

0.450 

C.  882 

0.5  ?5 

C.453 

0.570 

0.479 

C.882 

0.370 

C.482 

0.565 

0.514 

C.882 

0.565 

C.517 

0.560 

0.535 

C.882 

0.560 

C.  563 

0.555 

0.602 

C.881 

0.555 

C.6C7 

0.550 

C.630 

C.882 

0.530 

C.  654 

0.565 

0.682 

C.881 

0.545 

0.687 

0.560 

0.695 

C.  880 

0.340 

C.7C1 

0.533 

0.677 

C.  880 

0.333 

C.cfi3 

0.5  JO 

0.622 

C.880 

0.530 

C.  628 

0.525 

0.554 

C.860 

0.525 

C.539 

0.520 

0.461 

C.E79 

0.3i0 

0.466 

0.515 

0.366 

C.E79 

0.515 

C.37C 

0.510 

0.232 

C.E79 

0.510 

C.234 

0.505 

0.111 

C.6  79 

0.  3C5 

C.112 

0.500 

0.050 

C.878 

0.5CU 

C.051 

0.695 

0.040 

C.8  78 

0.495 

0.04C 

0.690 

0.040 

C.E77 

0.490 

0.041 

0.68  5 

0.035 

C.676 

0.485 

G.C35 

0.680 

0.029 

C.875 

0.480 

0.029 

0.675 

0.021 

C.875 

0.475 

0.C21 

0.670 

0.016 

C.6  74 

0.470 

0.016 

0.665 

0.010 

C.  £ 74 

0.465 

0.010 

0.660 

0.006 

C.£  74 

0.460 

C.CC6 

0.655 

0.003 

C.873 

0.455 

C.CC3 

0.650 

0.001 

C.871 

0.450 

0.0C1 

0.665 

0.0 

C.S70 

0.445 

0.  0 

0.660 

c.o 

C.870 

0.44C 

C.O 

0.635 

0.0 

C.869 

0.433 

o.c 

0.630 

0.0 

C.  867 

0.430 

0.0 
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Table  2.5-46.  High-resolution  Transmission  Scan  of  Pbl,-parylene 
No.  707A2D  at  25°C.  6 


TEMP*  25.  Pd  12  PAR  Y 7U7A  -i  D 7.^0  2.2* 


mL  EXP 
0.525 
U .524 
0.523 
0.522 
0.521 
0.520 
0.519 
0.518 
0.517 
0.516 
0.515 
U.514 
0.513 
0.512 
0.511 
0.5  10 
0.509 
0.508 
0.507 
0.506 
0.503 
0.504 
0.503 
0.502 
0.501 
0.500 
0.499 
0.498 
0.49  7 
0.496 
0.495 
0.494 
0.493 
0.492 
0.491 
0.490 
0.489 
0.488 
0.487 
0.486 
0.485 
0.484 
0.483 
0.482 
0.481 
0.480 


T EXP 
C.550 
0.533 
0.516 
0.500 
0.481 
0.464 
0.444 
0.426 
0.403 
0.381 
0.361 
0.340 
0.314 
0.291 
0.264 
0.237 
0.208 
0.180 
0.155 
0.131 
0.105 
0.091 
0.076 
0.066 
0.057 
0.051 
0.048 
0.046 
0.043 
0.043 
0.042 
0.042 
0.042 
0.042 
0.041 
0.041 
0.041 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.039 
0.038 
0.037 


CAL  lb 
C.880 
C.  880 
C.680 
(.880 
C.880 
1.8  79 
C.879 
C.879 
C.879 
C.879 
C.879 
C.879 
C.879 
C.879 
C.8  79 
C.t79 
C.e79 
C.879 
C.8  79 
C.879 
C.879 
C.879 
C.879 
C.879 
0.8  79 
C.878 
C.8  78 
C.878 
C.678 
C.878 
C.8  78 
C.878 
C.878 
C.878 
C.878 
C.877 
C.677 
C.e77 
0.877 
C.877 
C.876 
C.8  76 
C.876 
C.876 
C.e76 
C.875 


WL 

0.525 
0.524 
0.523 
0.522 
0.521 
0.520 
0.519 
0.518 
0.317 
0.516 
0.313 
0.51* 
0.313 
0.312 
0.511 
0.310 
0.309 
0.308 
0.3C7 
0.  506 
0.305 
0.304 
0.503 
0.5C2 
0.501 
0.5C0 
0.499 
0.458 
0.457 
0.496 
0.495 
0.494 
0.493 
0.492 
0.451 
0.490 
0.489 
0.488 
0.487 
0.486 
0.485 
0.484 
0.483 
0.482 
0.461 
0.480 


TRANS 
0.  553 
0.53e 
C.321 
C.3C3 
0.485 
0.465 
0.445 
0.43C 
0.4C7 
C.  365 
0.365 
0.343 
0.317 
C.254 
0.267 
0.239 
0.21C 
0.182 
C.  157 
C.132 
C.11C 
0.052 
0.077 
0.067 
0.056 
C.  052 
0.C45 
0.047 
C.  043 
0.043 

0.042 
0.042 
0.042 
0.042 
0.041 
C.  042 
0.042 
0.041 
0.041 
0.041 
0.041 
0.041 
C.041 
0.04C 
0.039 
0.038 


2.5.5  Optical  Properties  of  Hgl2  Films  on  Glass 

Hg I2  films  were  evaporated  onto  200p  thick  boros ilicate  glass 
substrates.  Considerable  difficulty  was  experienced  in  reproducibly 
obtaining  Hgl2  films  of  good  optical  quality.  Additionally,  it  was  found 
that  Hg I2  is  unstable  when  stored  in  vacuum  because  of  its  high  vapor 
pressure,  so  that  a passivating  overlayer  is  required  for  the  intended 
thermal  imaging  application.  Because  of  these  problems,  emphasis  for  this 
program  was  concentrated  upon  Pbl2  films.  In  this  section,  we  report  the 
results  of  optical  transmission  measurements  performed  upon  some  of  the 
Hgl2  films,  including  temperature  dependence  of  the  absorption  edge. 

The  transmission  characteristic  for  Hgl2-glass  sample  No.  303A9  at 
25°C  is  shown  in  Figure  2.5-74,  along  with  the  transmission  curve  for  a 
bare  glass  substrate.  This  transmission  curve  is  noteable  for  the  absence  of 
multi  pie- reflection  interference  structure  and  for  the  monotonic  decrease  in 
transmission  with  decreasing  wavelengths,  even  for  wavelengths  considerably 
longer  than  absorption  edge  values. 

The  absence  of  interference  structure  indicates  the  film  thickness  may 
be  considerably  less  than  0.8y,  or  that  the  film  is  either  quite  non-uniform 
in  thickness,  or  lossy,  or  both.  The  steady  decrease  in  transmission  most 
probably  indicates  propagation  losses  which  increase  with  decreasing  wave- 
length, although  it  is  not  established  whether  absorption  or  scattering  is 
the  dominant  loss  mechanism.  Also,  part  of  this  monotonic  decrease  may  be 
attributed  to  an  interference  minimum  below  0.5y.  The  absorption  edge  occurs 
for  wavelengths  between  550  nm  and  570  nm,  and  is  not  sharply  distinguish- 
able. The  Hgl2  film  thickness  is  indicated  to  be  about  0.8y  by  a profilometer 
measurement.  However,  this  data  is  not  considered  reliable  because  the 
stylus  easily  scratched  the  soft  Hgl2 . 

The  transmission  of  this  sample  at  other  temperatures  between  25°C  and 
50°C  is  shown  in  Figures  2.5-74  through  2.5-77.  The  dewar  was  evacuated 
for  these  measurements.  After  the  scan  at  50°C  was  completed,  an  additi- 
tional  scan  at  25°C  revealed  5 percent  transmission  for  wavelengths  smaller 
than  520  nm,  for  which  the  sample  had  previously  been  opaque.  A portion  of 
the  film  around  the  circumference  had  evaporated  away  and  0.2  to  0.5  mm 
"pinholes"  appeared  in  the  sample,  caused  by  evaporation  of  Hql2  in  the  vacuum 
environment.  Curiously,  the  transmission  at  800  nm  decreased  with  successive 
scans  at  higher  temperatures,  although  the  film  was  evaporating  away.  This 
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FIGURE  2.5-75.  Transmission  of  Hgl2-glass  Sample  303A9  at  30°C. 
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FIGURE  2.5-76.  Transmission  of  Hgl2-glass  Sample  303A9  at  40°C. 
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FIGURE  2.5-77.  Transmission  of  Hgl?-glass  Sample  303A9  at  50°C. 


may  be  caused  by  the  metallic  Hg  precipitate  left  in  the  film  during  vacuum 
decomposition.  The  condition  of  the  sample  at  this  point  made  further  opti- 
cal testing  impossible. 

Clearly,  if  Hgl2  is  to  be  used  as  a transducer  film  for  thermal  imaging, 
with  the  requirement  that  it  be  contained  in  a vacuum  chamber,  then  a method 
must  be  found  to  encapsulate  the  Hgl2  surface  so  that  decomposition  does  not 
occur.  Several  attempts  were  made  to  overcoat  these  Hgl2  films,  including 
vacuum  deposition  of  Si02  and  deposition  of  parylene.  Results  indicated 
that  both  vacuum  and  a radiative  heat  source  must  be  avoided  in  any  success- 
ful overcoating  procedure.  A coating  of  photoresist  was  spun  to  about  0.8y 
thickness  on  one  Hgl2  film.  This  sample  showed  good  stability  in  vacuum  for 
50  hours  at  one  torr  pressure.  However,  after  50  hours  the  Hgl2  film  began 
to  deteriorate,  and  disappeared  completely  in  another  ten  hours  of  vacuum 
storage.  The  overcoating  for  Hgl2,  provided  a suitable  one  can  be  found, 
should  be  less  than  O.ly  thick  in  order  that  it  not  significantly  increase 
the  thermal  time  constant  of  the  thermal  imaging  transducer.  However,  con- 
siderable experimentation  will  be  needed  to  develop  such  a thin  overcoating, 
applied  at  room  temperature  and  atmospheric  pressure,  which  will  be  uniform 
and  free  of  pinholes,  so  that  the  Hgl2  film  would  be  adequately  protected. 

The  transmission  curves  of  Figures  2.5-74  through  2.5-77  were  not 
analyzed,  because  of  the  lack  of  knowledge  of  Hgl2  film  thickness.  The 
thickness  and  refractive  index  can  be  obtained  by  multiple  angle  of  incidence 
reflectivity  measurements  of  s and  p polarized  light.  However,  the  condition 
of  the  sample  after  the  50°C  scan  did  not  permit  further  optical  characteri- 
zation. Also,  the  decomposition  of  Hgl2  in  vacuum  prevented  measurement  of 
the  thermal  properties  of  the  Hgl2  films  by  infrared  thermographic  methods. 

Further  optical  transmission  measurements  were  made  on  two  other 
Hgl2-glass  samples  for  temperatures  between  0°C  and  50°C,  in  order  to  esta- 
blish the  temperature  dependence  of  the  absorption  edge  for  this  material. 

The  optical  dewar  was  not  evacuated  during  these  measurements  in  order  to 
avoid  evaporation  of  Hgl2.  No  evidence  of  moisture  condensation  was 
found  on  the  Hgl2  films  for  temperatures  between  0°C  and  room  temperature. 

The  transmission  of  Hgl2/glass  sample  No.  323C1  is  shown  in  Figures 
2.5-78  through  2.5-88  at  different  temperatures  between  0°C  and  50°C.  An 
improved  transmission  scan  was  made  between  0.8y  and  2. Op  to  more  accurately 
establish  the  orders  of  the  transmission  extrema.  The  extrema  and  their 
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integer  orders  for  T * 25°C  are  listed  in  Table  2.5-47.  along  with  the 
product  n(A)D  at  each  extremum  wavelength.  The  theory  for  this  data 
analysis  was  presented  in  Section  2.5.3  for  Pb^  films  on  glass  substrates. 
The  orders  were  established  by  comparing  the  frequency  intervals  (ratios) 
for  adjacent  extrema  to  those  predicted  by  Eq.  (2. 5. 3-5).  Dispersion  of 
the  refractive  index  is  evident  as  n(A)D  increases  for  shorter  wavelengths. 
If  we  assume  the  refractive  index  is  close  to  the  value  2.65  as  previously 
reported,  then  the  thickness  of  film  No.  323C1  is  about  0.38y. 


Transmission  of  Hgl2-g1ass  Sample  323C1 
at  25°C  at  Infrared  and  Visible  Frequencies. 


FIGURE  2.5-81.  Absorption-edge  Transmission  of  Hgl?-glass 
Sample  323C1  at  35°C. 


FIGURE  2.5x82.  Absorption-edge  Transmission  of  HgU-glass 
Sample  323C1  at  40°C. 
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FIGURE  2.5-85,  Absorption-edge  Transmission  of  Hgl?-glass 
Sample  323C1  at  15°C. 
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In  view  of  the  apparent  nonuniformity  in  sample  thickness,  further  reduction 
of  transmission  data  to  obtain  the  optical  constants  does  not  appear  feasible. 
The  transmission  scans  of  Figures  2.5-78  through  2.5-88  for  sample  323C1 , are 
shown  in  chronological  order,  in  order  to  keep  track  of  the  thermal  cycling 
of  this  sample.  Comparison  of  the  transmission  curves  at  25°C  shows  a shift 
of  the  transmission  maximum  at  about  605  nm  to  a smaller  wavelength,  indi- 
cating a permanent  decrease  in  refractive  index  or  thickness  during  the 
testing  period.  A scan  taken  three  weeks  later,  shown  in  Figure  2.5-88, 
showed  further  decrease  in  nD,  as  well  as  a smaller  amplitude  between  maxima 
and  minima.  The  sample  had  been  stored  in  a dark  dessicator  at  atmospheric 
pressure.  Therefore,  it  is  concluded  that  the  Hglg  film  deteriorated  both 
during  the  temperature  cycling  at  atmospheric  pressure  and  during  storage. 

The  wavelengths  for  the  transmission  extrema  of  sample  329B1  are  also  listed 
in  Table  2.5-47.  Assuming  a refractive  index  of  2.6,  the  thickness  of  this 
sample  is  approximately  0.77y.  More  experimentation  is  needed  in  order  to 
produce  0.2y  thick  films  of  Hg^  of  acceptable  optical  quality.  The  absorp- 
tion edge  does  shift  quite  observably  toward  longer  wavelengths  with  increasing 
temperature.  However,  no  attempt  is  made  to  quantify  the  temperature  depen- 
dence of  the  absorption  edge  because  of  the  large  uncertainty  in  thickness  and 
the  apparent  nonuniformity  of  these  Hg^  films. 

An  attempt  was  made  to  minimize  the  influence  of  nonuniform  thickness  by 
sampling  a much  smaller  area  of  the  samples.  A 4 mm  diameter  area  in  the 
center  of  Hg^-glass  sample  No.  329B1  was  sampled,  yielding  the  transmission 
curve  at  25°C  shown  in  Figure  2.5-89.  A small  amount  of  residual  transmission, 
about  one  percent,  was  present  for  wavelengths  shorter  than  the  absorption 
edge  because  of  pinholes  in  the  film.  However,  since  this  effect  can  be 
accounted  for  in  the  analysis  of  data,  and  this  was  the  best  quality  of  sample 
remaining,  transmission  scans  of  higher  resolution  between  550  nm  and  600  nm 
were  run  at  different  temperatures  in  order  to  at  least  qualitatively  display 
the  temperature  shift  of  the  absorption  edge.  Figure  2,5-89  shows  that 
interference  extrema  are  barely  present,  indicating  poor  optical  quality  for 
this  film  even  over  the  small  area  sampled.  A high  resolution  scan  was  re- 
peated at  25°C,  and  those  results  are  given  in  Table  2.5-48.  Figures  2.5-89 
through  2.5-99  show  the  transmission  characteristics  at  other  temperatures, 
in  the  chronological  order  in  which  they  were  scanned.  It  should  be  noted 
that  ordinate  or  transmission  values  must  be  renormalized  for  wavelengths 


between  560  nm  and  460  nm  because  a filter  change  In  the  spectrophotometer 
shifted  the  beam  and  caused  lower  readings  in  this  range  by  about  0.3  per 
percent.  This  is  the  cause  of  the  "glitch"  In  the  curves  at  560  nm.  This 
effect  was  removed  experimentally  in  later  measurements  on  Pb^  samples, 
but  must  be  corrected  for  in  the  present  curves.  The  Infrared  transmission 
curve  in  Figure  2.5-100  was  useful  in  establishing  the  integer  orders  of 
transmission  extrema  for  this  sample.  The  transmission  curve  for  the 
sample  was  run  with  a full-scale  range  of  20  percent,  whereas  the  calibra- 
tion curve  in  the  same  figure  is  run  with  a full-scale  range  of  50  percent. 
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TABLE  2.5-48 


High-resolution  Transmission  Scan  Across  Absorption  Edge  of  Hgl2 
for  Sample  No.  329B1  at  25°C.  Scan  Speed  1/16  nm/sec.  Scale  1 nm/inch 
Range  20  Percent  for  10  Divisions  Vertically. 


Corrected 

Wavelength 

(nm) 

Transmission 

(Uncorrected) 

* 

600 

5.96 

599 

5.92 

598 

5.90 

597 

5.85 

596 

5.80 

595 

5.79 

594 

5.73 

593 

5.68 

592 

5.65 

591 

5.60 

590 

5.58 

589 

5.50 

588 

5.43 

587 

5.40 

586 

5.37 

585 

5.30 

584 

5.25 

583 

5.20 

582 

5.14 

581 

5.06 

580 

5.02 

579 

4.97 

578 

4,85 

577 

4.80 

576 

4.70 

Corrected 

Wavelength 

(nm) 

Transmission 

(Uncorrected) 

% 

575 

4.60 

574 

4.46 

573 

4.32 

572 

4.20 

571 

4.00 

570 

3.80 

569 

3.58 

568 

3.26 

567 

2.98 

566 

2.69 

565 

2.38 

564 

2.08 

563 

1.80 

562 

1.53 

561 

1.30 

560 

1.15 

559 

0.95 

558 

0.82 

557 

0.75 

556 

0.67 

555 

0.61 

554 

0.59 

553 

0.55 

552 

0,51 

551 

0.49 

550 

0.46 

figure:  2.5-90.  Absorption-edge  Transmission  of  Hgl0-qlass 
Sample  329B1  at  35°C.  1 
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FIGURE  2.5-91, 


Absorption-edge  Transmission  of  Hgl0-glass 
Sample  329B1  at  40°C.  1 
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FIGURE  2,5-92,  Absorption-edge  Transmission  of  Hgl9-glass 
Sample  329B1  at  45°C.  c 
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FIGURE  2.5-93.  Absorption- edge  Transmission  of  Hgl2-glass 
Sample  329B1  at  50°C. 
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FIGURE  2.5-94,  Absorption-edge  Transmission  of  Hgl2-glass 
Sample  329B1  at  20°C. 
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FIGURE  2,5-95,  Absorption-edge  Transmission  of  Hgl?~glass 
Sample  329B1  at  15°C. 


FIGURE  2.5-96.  Absorption  Transmission  of  Hgl9-glass 
Sample  329B1  at  10°C.  1 


FIGURE  2,5-97.  Absorption-edge  Transmission  of  Hgl?-glass 
Sample  329B1  at  2°C, 


FIGURE  2,5-98.  Transmission  of  Hgl?-glass  Sample  329B1 
at  2°C, 
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2.6  Measurement  of  Thermal  Properties 

The  thermal  properties  of  the  metal  halide  films  were  measured  using  a 
thermographic  method.  Conventional  methods  for  measuring  thermal  conductivity 
and  heat  diffusivity  could  not  be  used  with  these  very  thin  samples,  partially 
because  of  the  fragility  of  the  samples  and  partially  because  other  methods 
would  too  greatly  perturb  the  thermal  properties  of  the  sample.  For  example, 
deposition  of  thin  film  resistive  heaters  and  semiconductor  bolometers  onto 
the  samples  is  inadvisable  because  (1)  the  Pbl2  on  parylene  samples  might 
tear  during  the  thermal  cycling  imposed  by  the  deposition  process,  and  (2) 
the  thermal  conductivity  and  thermal  mass  of  the  deposited  elements  and 
their  associated  electrical  leads  would  significantly  alter  the  heat 
capacitance  and  thermal  time  constant  of  the  resulting  composite  structure. 

The  method  used  to  probe  the  thermal  properties  of  2000  to  4000A  thick 
Pbl2  on  parylene  samples  must  therefore  be  contactless. 

The  method  chosen  to  make  these  measurements  uses  visible  laser 
radiation  which  is  absorbed  by  the  Pbl2  film  to  establish  a temperature 
distribution  across  the  sample.  This  temperature  profile  is  measured 
by  scanning  the  far-infrared  image  of  the  sample  across  a detector  which 
is  sensitive  to  wavelengths  from  8 to  14y. 

The  experimental  configuration  is  illustrated  in  Figure  2.6-1  and 
in  the  photograph  of  Figure  2.6-2.  The  Pb I 2» substrate  sample  is  mounted 
in  the  evacuated  compartment  of  a cryogenic  dewar  which  is  equipped  with 
NaCl  windows.  The  circumference  of  the  sample,  specifically  the  aluminum 
or  glass  support  ring,  is  maintained  at  a constant  temperature  of  25°C 
with  the  aid  of  room  temperature  water  as  a heat  sink  in  the  well  of  the 
dewar.  The  sample  is  heated  by  absorption  in  the  Pbl2  film  of  4880A 
wavelength  radiation  from  an  argon  laser.  For  Pbl2  on  thick  glass  substrates 
the  4880A  light  could  be  focused  to  a small  spot  on  the  sample  to  determine 
the  point-source  response  for  thermal  imaging.  For  the  thin  Pbl?  on 
parylene  samples,  however,  such  localized  heating  caused  the  sample  to  tear. 
Therefore,  the  laser  beam  was  expanded  to  illuminate  the  full  area  of  the 
sample  uniformly,  thus  avoiding  severe  thermal  gradients  In  the  film.  At 
thermal  equilibrium  a steady-state  temperature  distribution  is  established 
across  the  film,  with  a maximum  value  In  the  center  of  the  sample  and 
decaying  to  25°C  at  the  circumference.  The  far-infrared  flux  radiated 
from  an  element  of  area  at  position  £ with  temperature  T(r)  on  the  surface  is 
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Figure  2.6-1.  Thermal  imaging  experiment  to  measure  temperature 


Figure  2.6-2.  Experimental  arrangement  for  measuring  thermal  properties  of  thin,  rim-supported  films. 
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Figure  2.6-3.  Legend  code  for  equipment  In  Figure  2.6-2 


proportional  to  TQ;)^-Ta4,  where  is  the  ambient  temperature  of  the 
surrounding  laboratory  environment.  A spatial  scan  of  the  thermal 
radiation  emitted  from  the  surface  of  the  sample  then  yields  the  tempera- 
ture distribution  across  the  surface.  The  emissivity  of  the  sample  may  be 
determined  by  measuring  the  far-infrared  flux  from  two  identical  samples 
at  different,  known  temperatures.  Measurement  of  the  steady-state  tempera- 
ture distribution  with  the  4880A  laser  beam  present  yields  the  thermal 
conductivity  of  the  film.  When  the  heat  source,  specifically  the  4880A 
laser  beam,  is  abruptly  removed,  the  temperature  distribution  across  the 
sample  decays  to  a constant  value  of  25°C.  The  temporal  decay  of  the 
temperature  distribution  may  be  analyzed  to  obtain  the  heat  diffusivity 
of  the  sample.  Once  the  thermal  conductivity  and  heat  diffusivity  are 
determined  from  these  measurements,  the  heat  capacity  of  the  sample  can 
be  calculated. 

The  temperature  distribution  across  the  sample  is  measured  using 
an  Inframetrics  200  thermographic  system.  The  thermal  image  of  the 
sample  is  mechanically  scanned  by  two  mirrors  across  a HgCdTe  detector 
at  77°K.  The  detector  in  combination  with  the  window  of  the  detector's 
dewar  responds  to  wavelengths  between  8 and  14;j. 

Illustrated  in  the  photograph  of  Figure  2.6-2  are  the  laser  beam, 
the  dewar  containing  the  sample,  and  the  thermographic  camera.  In  the 
background  behind  the  camera,  from  top  to  bottom,  are  a time  interval 
countpr  to  read  the  intervals  between  openings  of  the  camera  shutter 
after  electronically  shuttering  the  laser  beam;  the  control  and  CRT  display 
unit  of  the  thermographic  system  to  which  is  attached  a camera  equipped 
with  electronically  gated  shutter;  and  the  power  supply  for  the  argon 
laser  which  is  located  beneath  the  table.  To  the  right,  from  top  to 
bottom,  are  a controllable  pulse-burst  generator  used  to  control  the 
electronic  camera  shutter,  and  the  automatic  cyclic  temperature  control 
unit  used  both  in  emissivity  measurements  here  and  in  optical  transmission 
measurements  in  the  spectrophotometer  described  elsewhere.  Directly 
behind  the  dewar  is  an  ion  gauge  used  to  monitor  the  vacuum  in  the  dewar, 
typically  about  200  microns. 
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Figure  2.6-4  shows  a thermographic  Image  of  a Pbl2  on  glass  sample. 
The  Pbl2  film  Is  0.2y  thick  and  the  borosillcate  glass  substrate  200p 
thick.  Distinguishable  In  this  (8  to  14y  wavelength)  Image  are  the 
circular  sample,  the  annular  aluminum  support  ring,  the  brass  cylinder  In 
which  the  sample  Is  mounted,  and  the  rectangular  brass  mount  attached  to 
the  bottom  of  the  cryogenic  well  of  the  dewar.  The  sample  Is  at  25°C. 
Figure  2.6-5  shows  the  temperature  distribution  along  a single  horizontal 
line  scanned  through  the  center  of  the  sample.  The  noise  level  Is  pro- 
nounced because  the  highest  amplifier  gain  setting  Is  used.  The  tempera- 
ture distribution  is  essentially  constant  at  25°C,  The  dark  spot  above 
and  left  of  center  In  Figure  2.6-4  moves  as  the  angle  between  the  normal 
to  the  sample  and  the  optical  axis  of  the  infrared  camera  Is  varied,  and 
Is  the  reflected  Image  of  the  cold  detector  (narcissus  effect). 
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Figure  2.6-5.  Temperature  distribution  is  a constant  25°C  on  a single 
line  scanned  horizontally  through  the  center  of  the 
above  Pblg-on-glass  sample.  No  heat  source  is  present. 

With  the  4880A  wavelength  laser  beam  now  focused  to  a 10p  diameter 
spot  In  the  center  of  the  sample.  Figure  2.6-6  shows  the  resulting  hot 
spot  In  the  center  of  the  sample.  Superimposed  in  this  photograph  is 


Figure  2.6-6. 


Thermographic  image  and  line  scan  horizontally  through  the 
center  of  the  PbI2-on-glass  sample. 
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the  thermographic  image  just  above  a horizontal  line  scan  through  the 
center  of  the  sample.  The  incident  laser  power  is  25  mW,  and  the  vertical 
temperature  scale  is  5 °C/5  cm  for  the  emissivity  temperature  T^.  The  cir- 
cumference of  the  sample  is. maintained  at  25°C. 
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Figure  2.6-7.  Similar  to  the  previous  figure  but  with  a vertical 
scale  of  3°C  emissivity  temperature  per  5 cm. 

The  incident  power  given  above  takes  into  account  reflection  losses 
at  the  NaCl  dewar  window  and  at  the  glass  and  glass-Pb^  surfaces. 

When  the  laser  beam  is  shuttered  off,  the  temperature  distribution 
decays  as  illustrated  in  Figures  2.6-8  through  2.6-11.  The  highest  curve 
in  each  figure  is  the  steady-state  temperature  distribution  before  the 
focused  laser  heat  source  is  removed.  The  lower  curves  were  photographed 
by  electronically  gating  the  camera  shutter  at  predetermined  time  intervals 
after  removing  the  laser  beam.  In  Figure  2.6-8  the  three  curves  correspond 
to  time  values  of  zero,  one,  and  two  seconds,  respectively,  from  top  to 
bottom.  Figure  2.6-9  shows  the  temperature  distributions  at  time  values 
of  zero,  5,  and  10  seconds.  The  three  curves  of  Figure  2.6-10  were  recorded 
at  time  values  of  zero,  3,  and  8 seconds.  Superposition  of  noise  in  the 
wings  of  the  curves  results  In  loss  of  information  near  the  circumference 
of  the  sample.  Therefore,  quantitative  data  for  analysis  taken  on  this 
sensitivity  scale  was  limited  to  two  curves  for  each  photograph  in  later 
experiments. 
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Figure  2.6-8.  Horizontal  line  scan  through  center  of  PbI2-on-glass  sample 
at  time  values  of  (a)  0 seconds,  (b)  1 second,  and  (c)  2 
seconds.  Vertical  sensitivity  is  3°C  emissivity  tempera- 
ture per  5 divisions. 
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Figure  2.6-9.  Similar  to  the  preceding  figure,  with  time  values  of 
(a.)  0 seconds,  (b.)  5 seconds,  and  (c.)  10  seconds. 


Figure  2.6-11.  Temperature  distribution  for  a horizontal  line  scan 

through  the  center  of  PbI2-on-glass  sample,  with  laser 
power  of  60  mW  incident  upon  the  Pbl2  film  and  a vertical 
sensitivity  of  5°C  emissivity  temperature  per  5 divisions. 
Consecutive  scans  upon  remal  of  heat  source  at  times  (a) 
zero,  (b)  one,  and  (c)  two  seconds  from  top  to  bottom, 
respectively.  Consecutive  scans  upon  removal  of  heat  source 
at  times  (a)  zero;  (b)  one,  and  (c)  two  seconds  from  top  to 
bottom,  respectively, 


Figure  2.6-11  shows  the  temperature  profile  obtained  on  a less 
sensitive  scale  when  the  incident  laser  power  is  increased  to  60  mW  focused 
at  the  center  of  the  sample.  The  noise  level  at  the  circumference  of  the 
sample  is  reduced  greatly.  However,  this  power  density  "burns"  the  Pblg 
film,  partially  removing  Pbl^  at  the  focal  spot,  so  the  amount  of  laser 
power  actually  absorbed  is  not  known  for  this  case.  Clearly,  this  type 
of  power  density  must  be  avoided  with  the  much  more  fragile  Pblg-on- 
parylene  samples.  The  temporal  decay  of  the  temperature  distribution 
Is  shown  for  time  values  of  zero,  one,  and  2 seconds  after  removing  the 
laser  beam. 
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2.6.1  Thermograph  Calibration  and  Emlsslvlty  Measurements 

The  thermographic  system  Is  used  in  either  of  two  modes,  both  of 
which  simultaneously  compare  the  thermal  radiance  of  two  objects  at 
different  temperatures.  Each  mode  requires  calibration  separately.  A 
decrease  In  the  resistance  of  the  HgCdTe  detector  required  that  we  change 
a resistor  In  the  detector's  bridge  circuit.  This  In  turn  caused  the 
calibration  of  the  instrument  to  differ  from  the  manufacturer's  calibration 
so  the  Isotherm  scales  and  the  line  scan  scales  could  not  be  Interpreted 
literally.  The  change  In  resistance  did  not  appear  to  affect  the  sensitivity 
of  the  detector,  however. 

The  two  samples  used  to  calibrate  the  thermographic  system  were  both 
water  with  an  emissivlty  of  0.96,  close  to  the  limit  of  1.0  for  an  Ideal 
blackbody.  Two  beakers  of  water  were  placed  in  the  camera's  field  of  view, 
about  0.5  meter  from  the  camera.  The  camera  was  aimed  at  an  angle  of  about 
45  degrees  from  the  water  surface,  "looking  down"  upon  the  beakers. 


FIGURE  2.6.12  Thermographic  Image  fat  8 y to  14  y 
Wavelengths)  of  Water  Samples  Used 
for  Calibration  of  Thermographic 
System. 


The  temperature  of  one  beaker  of  water,  referred  to  as  the  "reference," 
was  maintained  at  about  23°C,  while  the  temperature  of  the  "sample"  beaker  of 
water  was  adjusted  to  values  between  room  temperature  and  65°C.  The  actual 
temperatures  of  the  water  reference  and  sample  are  measured  by  thermometers, 
and  the  difference  between  those  two  readings  Is  the  "actual  temperature 
difference  AT  ."  The  procedure  for  calibrating  the  thermographic  unit  for 
each  mode  Is  then  to  read  the  radiant  temperature  difference  AT^  between 
the  two  samples,  using  the  appropriate  procedures  for  each  mode.  The  rate 
Q at  which  heat  Is  radiated  from  a sample  at  temperature  T to  a surrounding 
blackbody  environment  at  ambient  temperature  Tft  Is  given  in  the  linear 
approximation  as 

Q = e o4Ta3  (T-Ta),  (2. 6. 1-1) 

where  e is  the  emissivity  of  the  sample  and  o is  the  Stefan-Boltzman  constant. 
For  a different  sample  temperature  T'  the  rate  of  heat  radiation  Q*  Is, 
similarly, 

Q'  = e o4Ta3  (T'-Ta).  (2. 6. 1-2) 

For  both  isotherm  and  line  scan  modes  of  operation  the  quantity  read  from  the 
display  is  proportional  to  the  difference  between  the  flux  levels 

Q - Q'  = e o4Ta3  (T-T')  . (2. 6. 1-3) 

The  scales  of  the  thermographic  system  are  pre-calibrated  for  a blackbody 
source,  for  which  e=l  and 

Q - Q’  = o4Ta3  (Te-Te* ) (2. 6. 1-4) 

where  TE  and  T£'  are  the  radiometric  temperatures  of  the  two  blackbodies 
used  in  this  calibration.  Upon  comparing  the  previous  two  equations,  it 
is  easily  shown  that  the  emissivity  of  the  non-blackbody  source  is 

e - (YYMT-T  ) . (2. 6. 1-5) 

This  forms  the  basis  for  our  emissivity  measurements.  It  is  assumed  that 
convective  losses  do  not  significantly  change  these  results  for  the  two 
water  samples. 

The  emissivity  of  Pbl2  or  Hgl2  is  measured  by  mounting  two  nearly 
identical  samples  In  the  vacuum  chamber  of  the  cryogenic  dewar,  adjusting 
and  measuring  the  temperatures  of  the  two  samples  both  by  thermocouples 
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(AT)  and  radiometrically  (AT£) , then  taking  the  ratio  of  these  two  tempera- 
ture differences. 

A brief  description  of  the  procedure  used  to  determine  the  radiant 
temperature  of  each  mode  of  operation  follows.  For  the  isotherm  mode,  the 
thermal  images  of  both  reference  and  sample  objects  are  simultaneously 
displayed.  The  reference  control  is  adjusted  until  the  image  of  the  cooler, 
room  temperature  reference  just  begins  to  "sparkle,"  with  the  isotherm  #1 
potentiometer  set  to  zero.  The  isotherm  #1  potentiometer  is  then  adjusted 
until  the  image  of  the  warmer  sample  begins  to  sparkle.  The  reading  taken 
directly  from  the  isotherm  #1  potentiometer  is  the  number  of  turns  required 
of  the  potentiometer  to  realize  the  second  of  the  above  conditions.  This 
number  is  multiplied  by  a scale  factor  which  depends  on  the  temperature 
range  selected  (usually  3,  5,  10,  or  20  °C  per  10  turns  of  the  potentiometer) 
to  obtain  AT^.  The  calibration  curve  for  water  is  shown  as  a dashed  line  in 
Figure  2.6-13. 

For  the  line  scan  mode  a graphic  display  of  radiant  temperature  versus 
position  is  obtained  along  a single  line  scanned  horizontally  through  the 
centers  of  the  two  samples.  The  difference  between  the  two  readings,  in 
cm  of  vertical  deflection  on  the  C.R.T.  display  screen,  is  converted  to  a 
radiant  temperature  difference  AT£  by  multiplying  by  the  appropriate  scale 
factor  (3,  5,  10,  or  20  °C  per  5 cm  difference  in  vertical  deflection)  for  the 
temperature  range  selected.  Typical  line  scan  measurements  are  illustrated 
in  Figures  2.6-14  through  2.6-17,  along  with  a sample  calculation  of  the 
radiant  temperature  difference  AT^. 

A plot  of  AT£  versus  AT  in  Figure  2.6-18  then  serves  as  a calibration 
curve  for  the  line  scan  mode.  The  dashed  calibration  curves  for  the  water 
samples  in  Figure  2.6-13  and  2.6-18  are  then  converted  to  calibration 
curves  for  two  blackbody  sources,  shown  uppermost  as  solid,  straight  lines.  Each 
blackbody  calibration  curve  is  derived  by  increasing  the  slope  of  the 
calibration  curve  for  water  by  the  ratio  1:0.96,  which  is  the  ratio  of 
the  emisslvity  of  a blackbody  to  that  of  water. 


FIGURE  2.6-14.  Line  scan  of  temperature  versus 

position,  scanned  through  the  centers 
of  the  two  water  samples.  Scale  = 

5°C  per  5 cm  vertically;  line  scan  1 
mode. 


FIGURE  2.6-15.  Line  scan  similar  to  above,  with 
scale  = 20°C  per  5 cm  vertically; 
line  scan  1 mode 
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FIGURE  2.6-16.  Line  scan  similar  to  above,  with 
scale  = 10°C  per  5 cm  vertically; 
line  scan  1 mode. 


FIGURE  2.6-17.  Line  scan  similar  to  above,  with 
scale  = 10°C  per  5 cm  vertically; 
line  scan  2 mode. 


Radiant  Temperature  Difference  aTf(°C) 


20  40 


Actual  Temperature  Difference  AT  (°C) 

FIGURE  2.6-18.  Calibration  curves  for  line  scan  #2  mode  using  two  water 

samples  ( ),  for  temperature  range  scales  3 (•)* 

5 (A),  10  (x)  and  20  (<>).  The  other  calibration  curves 

constructed  are  for  blackbody  samples  with  e = 1 ( ), 

for  Pbl~  films  on  glass  with  e = 0.606  and  for 

Hgl2  crystals  with  e = 0.303(-A-A-A-A). 
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Similar  measurements  were  made  using  two  samples  of  P bl2  on  glass.  The 
Pb Ig  samples  were  0.2p  thick  Pbl2  films  deposited  on  200m  thick  glass 
substrates.  One  of  the  samples  was  bonded  to  the  outer  surface  of  a 
rectangular  brass  envelope,  inside  of  which  was  mounted  a coiled 
tungsten  filament.  A thermocouple  lead  was  inserted  into  the  wall  of 
the  brass  envelope  to  monitor  the  actual  temperature  of  the  sample. 

The  cyclic  automatic  temperature  control  unit  which  was  used  in  the 
optical  transmission  measurements  was  also  used  in  these  experiments  to 
adjust  the  temperature  of  this  sample  to  a pre-set  value.  The  reference 
Pbl2/glass  piece  was  bonded  directly  to  the  brass  housing  on  the  cold 
finger  of  the  dewar  at  a position  near  the  bottom  of  the  cryogenic  well. 

It  is  assumed  that  the  temperature  of  the  reference  Pbl2/glass  piece  is 
the  same  as  that  of  the  water  in  the  dewar's  well,  which  was  monitored 
by  a thermometer  during  the  experiments.  The  constancy  of  the  water 
temperature,  even  when  a small  thermal  mass  of  water  was  used,  indicated 
that  any  warming  of  the  reference  piece  by  direct  radiation  from  the 
resistively  heated  sample  was  probably  negligibly  small.  The  sample  on 
the  brass  envelope  was  suspended  in  the  center  opening  of  the  brass  housing 
by  its  electrical  leads,  so  that  no  heat  transfer  could  occur  between 
sample  and  reference  pieces  by  conduction.  The  dewar  was  evacuated  to 
200  to  400  microns  vacuum  and  maintained  at  that  vacuum  by  continuously 
pumping  during  the  experiments.  The  windows  of  the  optical  dewar  were 
two  inch  diameter  NaCl  flats  1/8  inch  in  thickness. 

The  temperature  difference  between  the  reference  and  the  sample  Pbl2 
glass  pieces  was  measured  using  the  isotherm  mode.  The  results  of  these 
measurements  are  displayed  graphically  by  the  curve  AT^  versus  AT  for  Pbl2 
In  Figure  2.6-13.  Abrupt  discontinuities  in  the  actual  data  points 
correspond  to  changes  made  in  the  temperature  range  setting,  and  reflect 
a decrease  in  accuracy  for  temperature  differences  at  the  ends  of  each  range. 
The  straight  line  superimposed  upon  the  data  is  a least-squared-deviations 
best  fit  which  is  constrained  to  pass  through  the  origin.  The  emissivity 
of  Pbl2  is  then  calculated  to  be  0.606  from  the  ratio  of  the  slope  of  this 
curve  to  the  slope  of  the  blackbody  calibration  curve. 
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Similar  measurements  were  made  using  two  5 x 5 x 0.1  cm  plates  of 
Hglg  obtained  from  E.G.G.  Corp.  These  measurements  were  made  as  rapidly  as 
possible  after  evacuating  the  dewar,  because  of  previous  experience  with  the 
evaporation  of  Hgl2  in  vacuum  due  to  its  high  vapor  pressure.  It  was 
noted  that  the  surface  of  the  warm  Hgl2  sample  begin  to  change  to  the  yellow 
phase  at  a temperature  of  67°C  In  vacuum,  corresponding  to  AT  = 44.7°C  in 
the  figure.  Upon  removing  the  Hgl^  sample  after  the  last  measurement  at 
75°C  (AT  = 52°C),  it  was  observed  that  the  phase  transformation  evidenced 
by  the  yellow  color  extended  well  below  the  surface,  a distance  of  about 
0.5mm.  With  time,  the  crystal  transformed  back  to  the  red  phase  at  the 
surface.  The  emissivity  of  Hgl2  was  0.303,  as  calculated  from  the  ratio 
of  the  slope  of  the  Hgl2  curve  to  the  slope  for  the  blackbody  calibration 
curve. 

The  emissivity  for  Pbl2  reported  here  is  for  a 0.2p  thick  Pbl2 
film  on  a 200p  thick  glass  substrate,  with  thermal  emission  measured  from 
the  direction  normal  to  the  Pbl2  surface.  Actually,  for  such  a thin 
sample, the  emissivity  is  probably  different  from  that  of  a thick  crystal  of 
Pbl2.  The  thermal  radiation  from  the  film  samples  contains  contributions 
from  multiple  reflections  at  each  interface.  The  radiated  flux  should 
depend  upon  the  reflectivities  of  the  Pbl2-glass  interface  and  the  glass- 
vacuum  interface, as  well  as  upon  the  absorption  coefficient  within  each 
material.  The  thermal  radiance  of  thin  film  structures  has  been  treated 
in  the  literature,  and  these  influences  should  be  included  In  future 
investigations  of  this  type.  This  is  especially  Important  for  the 
samples  which  are  thin  films  on  thin  polymer  substrates. 


2.6.2  Measurements  of  Thermal  Properties  of  Pbl2  Films  on  Glass  Substrates 

In  order  to  deliver  a sufficient  amount  of  laser  power  to  the  sample  to 

produce  a detectable  temperature  Increase  without  damaging  the  film,  the 

sample  was  illuminated  uniformly  with  an  expanded  laser  beam.  Initially,  a 

telescopic  beam  expander  using  a 3y  diameter  pinhole  was  used  to  expand  the 

2mm  diameter  beam  to  one  cm  diameter,  but  the  power  loss  was  unacceptable. 

Sufficiently  uniform  illumination  was  obtained  by  moving  a 10  cm  focal 

length  lens  a distance  of  60  cm  from  the  sample  to  just  fill  the  sampled 

1/2  inch  aperture  with  the  diverging  laser  beam.  For  342  mW  of  laser  power 

incident  on  the  sample,  the  transmitted  power  was  10.3  mW,  yielding  a 

transmission  of  about  3 percent  for  the  2000A  thick  Pbl,  film.  This  indicates 

5-1  c 

an  absorption  coefficient  of  1.75  x 10  cm  for  Pbl2  at  4880A  wavelength. 

With  the  laser  beam  illuminating  the  sample,  a steady-state  temperature 
profile  was  observed  with  a maximum  at  the  center  of  the  sample,  as  shown 
in  Figure  2.6-19.  Upon  blocking  the  laser  beam  before  it  strikes  the  sample, 
the  temperature  distribution  decays  with  a time  constant  of  about  ?Q  seconds. 
In  contrast,  when  a beam  stop  is  inserted  between  the  sample  and  the  HgCdTe 
detector  the  temperature  profile  disappears  immediately.  This  test  ensures 
that  thermal  radiation  from  the  sample  is  responsible  for  the  line  scan 
profile  rather  than  a weak  detector  response  to  the  visible  laser  radiation. 

The  temperature  distributions  T(r,t)  at  different  times  after  shuttering 
the  laser  beam  off  are  shown  in  Figures  2.6-19  through  2.6-27.  The  shutter 
speed  from  the  camera  was  1/30  second  with  the  f stop  open.  The  figure 
captions  give  the  time  after  removal  of  the  heat  source  for  each  curve,  as 
well  as  the  peak  temperature  Tc  initially  at  the  center  of  the  sample. 

The  laser  power  incident  upon  the  Pbl2  film,  corrected  for  reflections 
at  the  NaCl  window  surfaces, glass  substrate  surface,  and  glass- to-PbI2 
interface,  was  320  mW.  A range  setting  of  20  °C  of  aT^  per  5 cm  was  used 
with  line  scan  mode  #2.  Each  line  is  scanned  through  the  center  of  both 
the  illuminated  Pbl2  film  and  a reference  Pbl2  film  at  25°C.  The  reference 
sample  Is  bonded  to  the  brass  housing  and  located  to  the  left  side  in  each 
photograph.  The  isotherm  mode  was  used  to  verify  the  temperature  difference 
between  the  reference  sample  and  the  center  of  the  Illuminated  Pbl2  sample 
under  steady-state  conditions.  From  the  straight  line  plot  for  Pbl2  in 
Figure  2.6-18,  the  calibration  factor  for  the  temperature  scale  in 
Figure  2.6-19  through  2.6-27  is  AT  = 16.6°C  per  division.  The  vertical 
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Figure  2.6-19.  Steady-state  temperature  distribution  T(r,o)  with 

Pbl2  on  glass  sample  No.  412A9  illuminated  uniformly 
by  320  mW  of  laser  radiation  at  4880  A wavelength. 
Tc(0)  = 86.6°C. 


Figure  2.6-20.  T(r,t)for  times  t = 0,  2,  and  4 seconds  after  removal 
of  heat  source,  shown  by  successively  lower  curves. 
Sample  412A9.  T (0)  = 88.6°C 


Figure  2.6-21.  T(r,t)  for  times  t = 0,  4,  and  8 seconds.  Sample  412A9. 
Tc(0)  = 87. 3°C. 


Figure  2.6-22.  T(r,t)  for  times  t = 0,  6,  and  12  seconds.  Sample  412A9. 
Tc(0)  = 86.4°C. 
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Figure  2.6-23.  T(r,t)  for  times  t = 0,  8,  and  16  seconds  for  successively 
lower  curves.  Sample  412A9.  1^(0)  = 86,8°C. 


Figure  2.6-24.  T(r,t)  for  times  t = 0,  10,  and  20  seconds.  Sample  412A9. 

T (0)  = 86.8°C. 
c 


I 
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Figure  2.6-25.  T(r,t)  for  times  t = 0 and  25  seconds.  Sample  412A9 

T (0)  = 87. 7°C. 
c 


division  of  one  cm  referred  to  in  this  scaling  is  not  necessarily  one  cm 
in  the  figure,  because  different  magnifications  were  used  with  the  camera. 
The  scale  distance  of  one  cm  on  the  CRT  display  is  indicated  by  the  marks 
on  the  right  side  of  each  photograph.  As  an  example,  the  temperature 
difference  from  edge  to  center  of  the  sample  in  Figure  2.6-19  is 
AT  = 16.6  (°C/cm)  x 3.7  (cm)  = 62°C,  giving  a peak  temperature  of  87  °C. 

The  data  in  Figures  2.6-19  through  2.6-27  is  partially  summarized 
in  Figure  2.6-28,  which  gives  the  peak  temperature  Tc  at  the  center  as  a 
function  of  time  after  removal  of  the  heat  source.  The  data  for  Tc  taken 
from  the  photographs  is  listed  in  Table  2.6-1.  From  Figure  2.6-28,  the 
thermal  time  constant  for  the  Pbl^  on  glass  sample  is  about  14  seconds 
for  the  peak  temperature  to  decrease  by  a factor  of  1/2.  Figure  2.6-28 
shows  the  temporal  decay  is  not  a simple  exponential  decay,  but  Tc  varies 
more  rapidly  initially. 

The  thermal  conductivity  and  heat  diffusivity  for  the  Pbl2  film  are 
obtained  from  this  data,  using  the  theoretical  results  of  sections  2.6.4, 
-.5,  and  -.6  which  follow.  The  equations  derived  therein  which  apply  to 
the  present  measurements  are  summarized  here  for  convenience.  In  the 
discussion  which  follows,  the  following  definitions  of  symbols  are  used: 
Subscripts  1,  2 refer  to  the  Pbl2  film  and  glass  substrate,  respectively, 
kj  = thermal  conductivity  of  region  i, 
a.j  3 heat  diffusivity  for  region  i, 
c^  = specific  heat  of  region  i, 

= thickness  of  region  i, 

Qv  = rate  of  heat  per  unit  volume  generated  by  the  laser  source, 

a = optical  absorption  coefficient  of  Pbl,  at  4880A, 

c y 

IQ  = incident  Intensity  at  4880A  in  watts/cm  , 

a 3 Stefan-Boltzman  constant, 

T^  * ambient  laboratory  temperature, 

J0,  Jp  IQ  * cylindrical  Bessel  functions, 

a„  3 m'th  root  of  and 
m o 

R 3 radius  of  circular  sample. 
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The  data  just  summarized  in  Table  2.6-1  and  Figure  2.6-28  is  analyzed 
by  comparison  to  the  theoretical  temperature  distributions 


Qv  [ UBr)  ] 

T(r,0)  ■ tR  *772  ['  - TTbRJ-J 


k6 

for  steady  state  conditions,  and 

2Q. 


(2. 6. 2-1) 


T(r’t)  = TR  + jJZ 


Jn^amr/R^  exp  t1  + am2/e2R2^  ) 

0 m m (2. 6. 2-2) 


m = 0 J, (a  ) a [1  + a 2/62R2  ] 
1 m m m J 


for  transient  behavior.  The  derivation  of  these  expressions  is  given  in 
Sections  2.6.4  through  2.6.6,  and  only  the  useful  results  are  presented 
here.  It  is  assumed  that  the  temperature  T^  at  the  circumference  r = R of  the 
sample  is  the  same  as  the  temperature  T^  of  the  surrounding  environment. 

The  parameters  characterizing  thermal  properties  of  the  materials  are 


k = D,  + k2  D2)  / (D1  + D2), 

(2. 6. 2-3) 

ot  = (k]  D]  + k2  D2)  / (p1  c1  D1  + p2  c2  02), 

(2. 6. 2-4) 

8 = £b)  o4T^  / (k-|  D-|  + k2  D2), 

(2. 6. 2-5) 

k82  = (cf  + eb)  o4Ta3  / (01  + 02) 

(2. 6. 2-6) 

and 

Qv  = I0  [1  - exp  (-a  02)]  / (D1  + D2). 

(2. 6. 2-7) 

Subscripts  1 and  2 refer  to  the  substrate  of  thickness  Dj  and  the  Pbl2 

film  of  thickness  D^,  respectively.  Further  definitions  are  fully  covered 

in  the  theoretical  sections  which  follow.  For  = 200y,  D2  = 0.2y,  with 

0.320  watts  incident  upon  a 2.54  cm  diameter  sample,  and  an  absorption 

5 -1 

coefficient  at  4880A  wavelength  measured  to  be  a = 1.75  x 10  cm  , the 

3 

volumetric  heat  generation  rate  is  Qv  = 3.062  watts/cm  . The  experi- 
mentally measured  increase  in  temperature  from  edge  to  center  of  the 
sample  is  T(0,0)-T„  = 62°K.  Using  the  previously  measured  values 


0.606 


ef 

cm  c - °K 

,2 


6 for  Pbl2  and  eb  = 0.95  for  glass,  wi 
-4 j r --  ,nn  o u f _ o c o c —i ...... 


th  a = 5.67  x 10~12watts 


and  T.  = 300  °K,  Eq. 

-3 


2. 6. 2-6  gives  the  result 

S j n 


kB*"  = 4.764  x 10"4-  watt  - cm”''  - °K”',  and  therefore,  Qy/k6t  = 64.3  °K. 

Eq.  2. 6. 2-1  then  gives  8 = 3.937  cm"*  for  the  1.27  cm  radius.  This  value 
for  6 is  larger  than  the  allowed  range  of  values  8 may  assume,  between  0 and 


and  1/R  = 0.7874  cm" 
calculated  from 


Consequently,  the  conductivity  for  the  Pbl2  film. 


k2  = 10J  [1.001k  - k1 ].  (2. 6. 2-8) 

will  not  be  physically  realistic.  Because  of  the  large  difference  between 
thickness  of  the  film  and  the  substrate,  k2  is  calculated  by  subtracting 
two  large  numbers.  The  potential  error  in  k2  is  large  for  a small  error 
elsewhere  in  the  above  calculations.  Therefore,  this  experimental  pro- 
cedure is  recommended  only  for  materials  and  thicknesses  such  that  k^  D-| 
and  k2  02  are  similar  in  magnitude.  Besides  the  above  mentioned  sources  of 
error,  there  also  exists  the  possibility  that  the  calibration  of  the 
thermographic  display  may  have  been  incorrect,  giving  an  incorrect  value 
for  the  temperature  at  the  center  of  the  sample. 

Fortunately,  this  last  source  of  error  can  be  eliminated  by  analyzing 
the  shape  of  the  temperature  profile,  rather  than  only  the  peak  temperature. 

The  temperature  distribution  of  Eq.  2. 6. 2-1  may  be  rewritten  in  the  form: 

T(r,°)  - Tr  [I  (BR)  - I (Br)] 

n H T(0,0)  - Tr  = [Iq(BR)  - IQ(0)  J (2. 6. 2-9) 

where  IQ(0)  = 1 and  n is  by  definition  the  fractional  difference  in 
temperature  as  given  above.  The  fractional  change  in  T(r,0)-TR  with  respect 
to  T(0,0)-Tr  can  then  be  used  to  obtain  the  parameter  6 accurately,  using  a 
computerized  curve  fitting  procedure.  For  the  present,  we  determine  an 
approximate  value  for  8 by  using  the  radius  r«r  at  which  the  temperature 
decays  to  a fraction  (0<n<l)  of  the  peak  value.  The  parameter  8 must  then 
satisfy 

1 (Br  ) = 1 + [1  - 1]  I (BR)*  (2.6.2-10) 


(2. 6. 2-9) 


n 'o  (SR). 


It  is  later  shown  in  Figure  2.6-44  that  8 ranges  over  values  from  0 to  1/R 
Consider  specifically  the  radius  for  1/2  of  peak  temperature,  such  that 
n = 0.5,  and 

2 I0  (8r1/2)  = 1 + IQ  (BR)  . (2.6.2-11) 

The  curve  of  Figure  2.6-19  gives  r^2  * 0.55  cm,  with  R = 1.27  cm. 

Examination  of  Eq.  2.6.2-10  reveals  that  no  non-trivial  solution  exists  for 
8 with  r^2  this  small.  In  fact,  r^2  must  be  larger  than  0.7/R  if  a 
solution  is  to  be  found  for  8 in  the  allowed  range. 
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The  experimentally  measured  temperature  profiles  were  too  sharply 
peaked  and  steep  along  the  sides  to  be  described  by  the  present  theoretical 
model  for  T(r,t).  Recall  that  the  heat  source  is  a 4880A  wavelength  laser 
beam  which  has  been  focused  and  is  incident  upon  the  sample  as  a diverging 
beam  of  diameter  2.54  cm.  This  "beam  diameter"  was  established  by  simply 
observing  the  laser  beam  displayed  upon  a black  card  at  the  position  of  the 
sample.  Because  of  the  above  discrepancy  between  experiment  and  theory, 
the  actual  intensity  profile  of  the  laser  beam  was  measured  by  scanning  a 
slit-detector  combination  transversely  across  the  beam.  The  slit  aperture 
was  3p  wide  and  3mm  high.  The  measured  beam  profile  is  shown  in  Figure 
2.6-29.  It  is  clear  that  the  half-power  diameter  of  the  beam  is  only  about 
1.0  cm  rather  than  2.54  cm,  and  the  intensity  is  sharply  peaked  in  the 
center.  Our  theoretical  model  assumes  a heat  source  which  is  uniformly 
distributed  across  the  sample.  Clearly,  this  was  not  the  case  for  the 
experiments.  The  theory  is  being  revised  to  allow  for  a heat  source  with  a 
Gaussian  profile  so  the  thermal  properties  of  the  materials  can  be  extracted 
from  these  experimental  data.  This  revision  is  the  subject  of  further 
continuing  studies. 

Although  the  transient  data  cannot  be  analyzed  by  the  present 
theoretical  model,  the  approach  to  be  used  is  outlined  briefly.  For  the 
present  theoretical  model,  the  temperature  T(0,t)  b T£( t ) at  the  center 
of  the  sample  is  given  by 


yt>  - T«  m?0  expUst  [Uamz/e2R2]){j)(»m)a„,[Ua|i|2/B2R2]} 

T‘<0>'Tr  »So{Jl(,n)*nC1+*nW]}’  <2.e 

The  value  of  B must  first  be  determined  from  the  steady-state  experiments. 

Then  the  heat  diffusivity  a can  be  found  by  comparing  Tc( t)-TR  with  the  curve 
in  Figure  2.6-28. 

Attempts  were  made  to  obaln  a more  uniform  beam  cross-section  using  a 
beam  expansion  telescope,  but  losses  were  excessively  high  with  the  3 y 
diameter  pinhole  required  to  produce  a 2.5  cm  diameter  beam.  This  problem 
is  not  difficult  to  solve  experimentally,  and  will  be  given  specific  attention 
in  future  work. 
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POSITION  X 


SCALE  25.4  mm 


Figure  2,6-29.  Intensity  profile  of  laser  beam  at  position  of 
the  sample. 


2.6.3  Measurements  of  Thermal  Properties  of  Pbl2  Films  On  Parylene-N 
Membranes. 

The  measurements  described  in  the  preceding  section  were  repeated 
using  samples  consisting  of  a 0.2y  thick  Pbl2  film  on  a 0.2p  thick  parylene-N 
membrane.  It  was  necessary  to  spread  the  laser  beam  intensity  over  the 
entire  aperture  of  the  sample  in  order  to  deliver  sufficient  power  without 
burning  a hole  through  these  thin  samples.  This  was  accomplished  using  a 
single  lens  with  the  sample  illuminated  by  the  diverging  laser  beam,  as 
illustrated  in  Figure  2.6-1.  Sufficient  incident  laser  power  is  required  to 
generate  an  observable  temperature  increase  at  the  center  of  the  sample, 
but  without  damaging  the  sample.  In  practice,  this  turns  out  to  be  just 
possible  to  do  with  present  equipment.  Because  of  the  small  thermal  mass 
of  these  thin  samples,  the  incident  power  required  to  generate  a tempera- 
ture increase  well  above  the  infrared  detector's  noise  level  is  rather 


close  to  the  damage  threshold  of  the  sample.  A number  of  Pbl2  on  parylene 
samples  were  unavoidably  destroyed  in  initial  experiments  while  determining 
the  opt 'i mum  input  power  level.  For  i nc i dent  powers  of  the  order  of  0.4  watts 
which  did  not  damage  the  sample  initially,  the  samples  could  not  withstand 
thermal  cycling.  That  is,  when  a sample  had  been  illuminated  with  0.4  watts 
continuously  for  a period  of  time,  then  the  laser  beam  was  blocked  and  the 
sample  allowed  to  cool,  re-introduction  of  the  laser  beam  caused  the  sample 
to  immediately  rupture.  This  occurred  even  though  there  was  no  apparent 
sagging  or  wrinkling  of  the  sample  after  the  initial  exposure.  This  result 
is  consistent  with  our  previous  observations  of  tearing  of  parylene  films 
upon  thermal  cycling  up  to  100°C  in  the  Pbl2  film  deposition  chamber. 

Experimental  results  of  thermal  measurements  are  reported  here  for 
Pbl^- on-parylene  sample  809A2K.  Because  of  the  uncertainty  of  the  precise 
damage  threshold,  which  varied  a small  amount  among  samples,  the  laser 
power  was  increased  in  small  increments  and  the  steady-state  temperature 
distribution  for  each  laser  power  level  was  recorded.  The  incident  power 
level  given  with  each  of  the  following  figures  is  the  power  incident  upon 
the  parylene  substrate,  corrected  for  92  percent  transmission  by  the  NaCl 
window. 
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Figure  2.6-30a  shows  the  steady-state  temperature  distribution  with  an 
incident  power  of  0.166  watts  at  4880A  wavelength.  Approximately  10  percent 
of  this  amount  is  reflected  and  90  percent  absorbed  by  the  Pbl2,  although 
this  proportion  may  vary  significantly  depending  upon  interference  effects 
in  the  parylene  substrate.  For  the  most  sensitive  scale,  3°C  of  AT^  per 
5 divisions  of  the  line  scan  mode,  the  temperature  increase  at  the  center 
of  the  sample  is  just  evident.  Figure  2.6-30bshows  the  same  conditions 
but  with  the  laser  heat  source  removed.  The  noise  level  of  the  detector 
and  amplifier  seriously  limits  quantitative  data  at  this  "safe"  laser  power 
level.  Signal  processing  with  a boxcar  integrator  is  expected  to  give 
considerable  improvement  in  these  steady-state  measurements.  However, 
that  method  would  not  be  useful  for  the  transient  measurements  which 
follow.  For  the  present,  the  laser  power  is  increased  in  small  increments 
to  determine  how  much  the  temperature  profile  measurement  can  be  improved 
before  the  sample  is  damaged. 

Figure  2.6-31  shows  the  steady-state  temperature  distribution  with 
0.230  watts  incident,  and  Figures  2.6-32  and  2.6-33  with  0.285  watts 
incident.  The  only  difference  between  the  latter  two  figures  is  a change 
in  the  vertical  sensitivity  scale.  Figure  2.6-34  shows  the  temperature 
profile  with  the  laser  heat  source  blocked,  for  the  sake  of  comparison. 
Recall  that  the  calibration  curve  for  Pbl2  in  Figure  2.6-18  gives  an 
actual  temperature  difference  AT  of  16.6°C  per  vertical  division  (cm  of 
CRT  display).  The  value  of  peak  temperature  Tc  at  the  center  of  each 
line  scan  is  indicated  in  each  figure.  Some  freedom  of  interpretation 
must  be  admitted  for  peak  temperature  values  because  of  the  noise  level. 

The  disagreement  between  values  of  T = 73°C  and  T = 63°C  obtained  from 
scales  3 and  5 in  Figures  2.6-32  and  33  is  attributable  to  the  noise  level. 
Future  experiments  for  steady-state  measurements  will  use  signal  averaging 
techniques  to  yield  more  precise  data. 

The  incident  laser  power  was  Increased  to  0.370  watts,  yielding  the 
temperature  distribution  of  Figure  2.6-35  with  a peak  temperature  of  81 °C, 
This  temperature  profile  was  judged  to  be  sufficient  for  quantitative 
analysis,  and  transient  measurements  were  to  be  attempted  with  this 
Incident  power  level.  The  Incident  power  was  below  the  0.4  watt  level 
at  which  most  of  the  previously  tested  samples  had  been  destroyed.  However, 
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Figure  2. 6- 30a.  Steady-state  temperature  distribution  T(r)  for  Pbl2 
on  parylene  sample  No.  809A2K,  with  4880  A laser 
power  of  166  mW  incident  upon  the  sample.  Vertical 
sensitivity  is  3°C  of  ATf  per  5 divisions. 


Figure  2, 6- 30b. Similar  to  previous  figure  but  with  laser  heat  source 
removed,  showing  ambient  temperature  and  noise  with 
room- temperature  sample.  Vertical  sensitivity  is 
3 °C  of  aTe  per  5 divisions. 


A 
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Figure  2.6-31.  Steady-state  temperature  distribution  T(r)  for  Pbl? 

on  parylene  sample  No.  809A2K  with  230  mW  of  4880  A 
wavelength  radiation  incident  upon  the  sample, Vertical 
sensitivity  is  3 °C  of  AT^  per  5 divisions. 


Figure  2.6-32.  Steady-state  temperature  distribution  T(r)  for  Pbl2  on 

parylene  sample  No.  809A2K  with  285  mW  of  4880  A wavelength 
radiation  incident  upon  the  sample.  Vertical  sensitivity 
is  3 °C  of  AT£  per  5 divisions. 


Figure  2.6-33.  Steady-state  temperature  distribution  T(r)  for  Pblg 
on  parylene  sample  No.  809A2K  with  285  mW  of  4880  I. 
wavelength  radiation  incident  upon  the  sample.  Vertical 
sensitivity  is  5 °C  of  ATe  per  5 divisions. 


Figure  2.6-34*  Similar  to  previous  figure,  but  with  laser  beam  blocked 
and  sample  at  25  °C.  Vertical  sensitivity  is  5 °C  of  ATe 
per  5 divisions. 
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Figure  2.6-35.  Steady-state  temperature  distribution  T(r)  for  Pblo 
on  parylene  sample  No.  809A2K,  with  370  mW  of  4880  A 
wavelength  laser  radiation  incident  upon  the  sample. 
Vertical  sensitivity  is  5 °C  of  ATr  per  5 divisions. 


when  the  laser  beam  was  blocked  then  introduced  again,a  hole  about  0.25 
Inches  in  diameter  appeared  suddenly  in  the  center  of  the  sample,  as 
shown  in  Figure  2.6-36.  It  is  interesting  to  note  that  this  result  is 
consistent  with  the  rupture  of  samples  which  were  thermally  cycled  up 
to  100°C  in  the  Pblg  deposition  chamber.  The  temperature  81°C  at  which 
this  thermal -cycling- related  rupture  occurred  is  also  consistent  with 
the  "peculiar"  transmission  characteristics  of  uncoated  parylene  sample 
K at  75°K  in  Figure  2.5-13. 

This  was  the  last  of  the  Pblg  on  parylene  samples,  the  others  having 
been  similarly  ruptured  in  measurements  of  this  type.  Therefore,  this 
sample  was  used  in  this  condition  to  perform  transient  measurements  of 
the  temperature  distribution  T(r,t)  and  obtain  the  heat  diffusivity  of 
the  Pbl2  film.  A taut  area  about  0.5  inches  wide  to  the  left  of  the 
rupture  in  Figure  2.6-36  was  used  for  these  measurements.  This  procedure 
is  justified  in  spite  of  the  irregular  thermal  boundary  conditions  for  the 
torn  sample,  because  the  transfer  of  heat  from  the  sample  is  nearly 
entirely  radiative  during  the  period  after  the  removal  of  the  laser  beam. 

In  section  2.6.4  it  is  shown  that  the  time  required  for  conduction  of  heat 
to  the  edges  of  such  a thin  sample  is  about  10  seconds,  whereas  the 
radiative  time  constant  is  typically  less  than  one  millisecond.  Therefore, 
we  assume  the  irregularity  produced  by  the  tear  does  not  seriously  alter 
the  transient  temperature  decay  rate  upon  removal  of  the  heat  source. 
Further,  this  was  the  only  sample  remaining  with  which  to  test  the  measure- 
ment technique. 

An  incident  laser  power  of  0.370  watts  was  used  in  the  following 
measurements,  without  further  apparent  damage  to  the  sample.  The 
experiment  had  to  be  modified  because  of  the  relatively  fast  thermal  decay 
time  for  the  thin  sample,  which  was  of  the  order  of  only  a few  milliseconds. 
The  horizontal -sweep  ramp  voltage  and  intensity  were  taken  from  output 
terminals  on  the  control  and  display  unit  of  the  thermographic  system 

. . and  displayed  on  an  oscilloscope,  using  single-sweep  and  storage 

capabilities.  The  sweep  time  of  the  oscilloscope  was  adjusted  so  that 
several  consecutive  line  scans  of  the  thermal  image  appeared  in  a single 
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oscilloscope  trace.  The  oscilloscope  trace  stored  on  the  CRT  display  was 
then  photographed. 


Figure  2.6-36.  Pb 1 2 on  parylene  sample  No.  809A2K  inside  dewar,  showing 
hole  in  center  of  sample  caused  by  repeated  temperature 
cycling  with  370  mW  of  4880  A wavelength  laser  radiation. 
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The  laser  beam  is  shuttered  using  an  electromechanical  shutter. 

The  closing  of  the  shutter  is  synchronized  with  the  oscilloscope  trigger, 
and  a single  sweep  displays  a number  of  consecutive  temperature  scans  on  the 
storage  screen  of  the  CRT.  Figure  2.6-37  shows  three  such  temperature  scans 
during  the  first  500  microseconds  after  shuttering  the  laser  beam  off.  The 
decrease  in  peak  temperature  is  barely  discernable  during  this  interval. 
Figure  2.6-38  shows  60  consecutive  thermal  scans  after  shuttering  off  the 
laser  beam.  There  is  a 3 KHz  modulation  which  must  be  subtracted  from  the 
data.  However,  the  temporal  decay  of  the  envelope  of  peak  temperatures  is 
obvious  in  this  figure. 

Upon  increasing  the  oscilloscope  sweep  time  to  2 ms  per  division,  the 
transient  decay  of  the  peak  temperature  is  fully  displayed  in  Figure  2.6-39. 
Each  "spike"  represents  a single  line  scan  of  the  thermal  image.  Similarly, 
Figure  2.6-40  shows  the  decay  envelope  for  an  oscilloscope  sweep  time  of 
5 ms  per  division.  From  these  data,  the  peak  temperature  decays  to  0.5  times 
its  initial  value  in  about  16  milliseconds, and  to  the  ambient  level  of  25°C 
in  25  to  30  ms. 

Consider  the  steady-state  temperature  distribution  shown  in 
Figure  2.6-35.  For  0.370  watts  incident  upon  the  2.54  cm  diameter 
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sample,  with  D-|  = D2  = 0.2u  and  an  absorption  coefficient  a = 1.75  x 10  cm 
at  4880A,  the  volumetric  heat  generation  rate  is  Qy  = 1770  watts/cm^. 

Using  ef  = 0.606  for  Pbl2  and  cb  “ 0.9  for  parylene-N  (value  for  cb  is 
assumed  for  parylene-N  in  absence  of  data),  we  obtain  k&2  = 23.055 
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watt  - cm  - °K  and  Qy/ke  = 73.8°K.  The  peak  temperature  difference 
T -T„  = 56°K  experimentally,  so  that  Eq.  2. 6. 2-1  gives  a value  for  /3  of 
8 = 2.205  cm"  . Just  as  for  the  Pbl2  on  glass  sample  previously,  6 is 
larger  than  1/R  and  therefore  cannot  yield  a physically  correct  value 
for  k2.  The  radius  r^2  at  which  the  temperature  decays  to  about  one- 
half  the  peak  value  is  r^2  = 0.5R  in  Figure  2.6-35.  Again,  the 
temperature  distribution  decays  too  steeply  to  be  described  by  the 
present  theory.  Future  analysis  will  take  into  account  the  actual 
spatial  distribution  of  energy  in  the  defocused  laser  beam  which 
supplies  heat  to  the  film. 


Figure  2.6-37.  Three  consecutive  traces  of  the  temperature  distribution 
T(r,t)  across  Pbl2  on  parylene  sample  No.  809A2K  after 
removal  of  4880  A wavelength  laser  beam.  Horizontal  time 
scale  is  50  ys  per  division. 


Figure  2.6-38.  Temporal  decay  of  the  temperature  distribution  T(r,t) 
for  successive  line  scans  (each  spike  represents  one 
line  scan)  across  damaged  Pbl2  on  parylene  sample  809A2K 
upon  removal  of  4880  A wavelength  laser  beam.  Time  scale 
is  1 ms  per  division. 
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t. 6.4  One-Dimensional  Heat  Conduction  in  a Thin  Plate  With  a Uniform 
Volumetric  Heat  Source,  Radiative  Surface  Cooling,  and  Constant 
Temperature  At  The  Edges 

In  this  section  the  temperature  distribution  within  a thin  plate 

is  derived  for  conditions  which  approximate  those  used  in  our  thermal 

imaging  experiments.  The  purpose  of  this  analysis  is  to  obtain  analytic 

expressions  which  can  be  used  to  extract  physical  parameters  such  as 

thermal  conductivity,  heat  diffusivity,  and  heat  capacity  of  the  metal 

halide  films  used  in  these  experiments.  The  simplest  theoretical  model, 

albeit  an  imprecise  model  for  our  experiments,  is  one  for  which  one-dimensional 

2 

heat  conduction  occurs  in  a thin  plate,  as  illustrated  in  Figure  2.6-41,  The 
model  may  be  later  generalized  to  radial  heat  conduction  in  a thin  circular 
plate.  The  advantage  of  the  present  one-dimensional  model  is  the  analytic 
simplicity  of  the  temperature  distribution  and  its  spatial  Fourier  transfom^ 
which  is  closely  related  to  the  modulation  transfer  function  (MTF)  of  the 
infrared-to-visible  transducer 

As  a first  step,  we  derive  the  partial  differential  equation  which 
describes  temporal  evolution  of  the  temperature  distribution  T(x,t)  in  the 
sample.  Solutions  are  then  found  for  the  steady-state  case  which  exists  for 
times  t < 0.  During  this  period  a constant  heat  source  is  uniformly  distri- 
buted throughout  the  volume  of  the  plate.  Upon  removal  of  the  volumetric 
heat  source  at  time  t = 0,  the  time  dependence  of  the  temperature  distribution 
is  obtained  as  it  decays  from  T(x,0)  to  a constant  value,  determined  by  the  fixed 
temperature  at  the  ends  of  the  plate  and  the  temperature  of  the  surrounding  medium. 


Certain  simplifying  assumptions  are  made  in  this  "first-cut  analysis", 
so  that  the  sample  shown  in  Figure  2.6-41  differs  somewhat  from  those  used  in  the 
experiments.  First,  it  is  assumed  that  the  material  bounded  by  the  planes 
z = +D/2  and  z = -D/2  is  homogeneous  and  that  the  heat  source  is  distributed 
uniformly  throughout  the  plate.  Samples  actually  used  in  the  experiments 
consist  of  two  layers  of  different  materials  sandwiched  together,  with  a 
heat  source  which  exists  in  only  one  layer  and  decays  exponentially  to  zero 
within  a few  hundred  angstroms  from  the  material  interface.  Secondly,  it 
is  assumed  that  the  temperature  inside  the  plate  is  a function  of  only  one 
coordinate  and  that  heat  conduction  occurs  in  the  +x  and  directions 
parallel  to  the  surfaces.  This  assumption  is  reasonable  for  a sufficiently 
thin  plate  with  radiative  cooling  at  the  surfaces,  such  as  our  Pb^-on-parylene 
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samples.  However,  this  assumption  may  not  be  valid  for  our  Pbl2  and  Hglg  films 
on  200  p thick  glass  substrates.  Temperature  variations  along  the  z direction 
may  be  significant  in  the  thicker  glass  substrates. 


Fiqure  2.6-41.  Cross  section  of  thin  plate  in  the  y=0  plane,  with  ends 
fixed  at  constant  temperature  Tw  and  radiative  heat 
transfer  from  the  surface  to  a surrounding  blackbody  at 
temperature 

Consider  the  element  of  volume  of  height  0 along  the  z axis,  width 
Y along  the  y axis,  and  located  between  the  planes  x and  x+dx  in  Figure  2.6-41. 
The  rate  at  which  heat  flows  into  this  region  across  the  plane  at  x is 


.klUsl 

* 3x 


DY  , 


(2. 6. 4-1) 


while  the  rate  at  which  heat  flows  out  of  this  volume  by  conduction  across 
the  boundary  at  x+dx  is 


j 
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-k  h T(x+dx)  DY  • (2. 6.4-2) 

The  temperature  at  the  exit  face  x+dx  is  given  by  a Taylor  series  expansion 
as 


T(x+dx)  = T(x)  + Jjj-  dx  + . . . , 


(2. 6. 4-3) 


so  that  the  net  rate  of  flow  of  heat  into  the  elemental  volume,  given  by 
the  difference  between  Eqs.  (1)  and  (2),  is 


(2. 6. 4-4) 


The  rate  at  which  heat  is  lost  by  radiation  from  the  surface  at 
z = D/2  to  a surrounding  blackbody  at  ambient  temperature  T^  is 


._4  _ a. 

£f  - 'A  ) . 


(2. 6. 4-5) 


while  the  radiation  loss  from  the  surface  at  z = -D/2  is 

• (2-6-,,-6) 

The  emissivities  are  and  eb  for  front  and  back  surfaces,  respectively, 
and  a = 5.67  x 10~12W-cm~- (°K)"4  is  the  Stefan-Boltzman  constant. 

A uniformly  distributed  source  is  assumed  to  generate  heat  within 
the  plate  at  a constant  rate  Qy.  The  contribution  of  this  source  to  the 
rate  of  change  of  heat  contained  within  the  elemental  volume  is 

<Wc.  ’ «v  °v  dx  6<-‘>  • U.6.4-7) 

where  0(t)  Is  the  Heaviside  unit  step  function. 

•<-t)  ■ {J;  Z \ * 2 ■ (2-6-4-8) 

The  net  rate  of  change  of  Internal  energy  for  the  element  of  volume 
is 
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(2. 6. 4-9) 


<W B It (pcT)  DY  dx  * 

where  p is  the  mass  density  and  c is  the  specific  heat  of  the  material. 

Upon  writing  the  complete  heat  balance  equation  for  the  net  rate  of 
heat  generation  in  the  element  of  volume,  we  obtain  after  factorization  of 
common  parameters 


pc  |r  ■ " (ef  + eb)  § (T4  - Ta4)  + Qv 

ax 


(2.6.4-10) 


The  nonlinear  term  proportional  to  (T4  - TA4)  may  be  expanded  in  the  follow- 
ing form: 


T4-Ta4  = 4TA3(T-TA)+6TA2(T-TA)2+4TA(T-TA)3+(T-TA)4.  (2.6.4-11) 


If  the  temperature  difference  T-TA  between  the  plate  surface  and  the  surround- 
ing blackbody  is  sufficiently  small,  only  the  first  term  on  the  right  side  of 
Eq.  (10)  is  of  significant  magnitude.  With  this  simplification,  the  differen- 
tial equation  for  temperature  is  linearized  to  the  form: 


1 3T  _ 32T  2ij  , x . QV 
a <T-V  + IT 

where  a is  the  heat  diffusivity  defined  by 


(2.6.4-12) 
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(2.6.4-13) 


and  $ is  defined  as  the  positive  square  root  of 


p2  s (ef  + Eb}  & 4TA  * 


(2.6.4-14) 


The  boundary  conditions  are  that  the  edges  of  the  plate  at  x = W and  x * -W 
be  maintained  at  a constant  temperature  Tw  at  all  times,  or 


T(W,t)  « T(-W,t)  = Tw. 


(2.6.4-15) 


The  Initial  temperature  distribution  T(x,0)  is  given  by  the  solu- 
tion to  the  steady-state  problem  for  which  3T/3t  = 0,  assuming  that  the  source 
was  applied  at  time  t = -». 


-2  T(x,0)  - eZ[T(x,0)  - ta]  + ^ =0 


(2.6.4-16) 


The  steady-state  temperature  distribution  which  simultaneously 
satisfies  Eqs.  (16)  and  (15)  is 


T<*,0)  - TA  . (w 


V \cosh(ex)  t 

rlcFshfM  + ^ * 


(2.6.4-17) 


If  T^  - Ty,  as  was  the  case  for  our  experiments,  the  steady-state  temperature 
distribution  becomes 


L1mT  T(x,0)  “ TW  + ^7  [7  " c!!s£f$] 


(2.6.4-18) 


The  peak  temperature  Tc  at  the  center  of  the  sample  is  then  given  by 


VTU  T‘ ' T" + 2?  [’-mt] 


(2.6.4-19) 


Tc  Is  now  expressed  In  terms  of  Ty,  the  rate  of  heat  generation  Qy,  the 
material  properties  k,  ef  and  eb  contained  within  0,  and  the  physical 
dlmenslonsD  and  W of  the  plate.  The  center  temperature  Tc  given  by  Eq.  (19) 
Is  always  greater  than  the  edge  temperature  Ty  by  an  amount  proportional  to 
Qy,  as  expected.  Upon  rewriting  Eq.  (17)  In  the  form 


cosh(Bx) 

cosFtfsW) 


It  Is  apparent  that  the  plate  temperature  T(x,0)  Is  always  greater  than  Tft 
If  Ty>TA.  If,  however,  Ty  Is  maintained  sufficiently  far  below  T^,  then 
T(x,0)  may  actually  be  smaller  than  T^  and  the  plate  "receives"  radiated 
heat  from  the  surrounding  blackbody  rather  than  vice  versa. 
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At  this  point,  we  may  make  an  order-of -magnitude  estimate  of  the 
temperature  Increase  In  our  experiments.  The  heat  source  Is  typically 
0.025  watts  of  continuous  output  from  an  argon  laser  at  a wavelength  of 
4880A,  well  above  the  absorption  edge  of  Pbl2  and  Hglg.  Allowing  for 
a reflectivity  of  4 percent  at  the  glass  substrate-to-vacuum  Interface, 

4 percent  reflectivity  at  each  face  of  the  Input  NaCl  window  of  the 
vacuum  dewar,  and  11  percent  reflectivity  at  the  Pbl2-glass  Interface, 
approximately  78  percent  of  the  Incident  power,  or  0.0195  watts  may  be 
absorbed  within  the  Pbl2  or  Hgl2  film.  Of  course.  It  Is  assumed  here 
that  the  glass  substrate  Is  sufficiently  thick  that  Interference  effects 
do  not  significantly  change  the  amount  of  power  transmitted  Into  the  ab- 
sorbing film. 

Both  the  heat  sink  at  the  edges  of  the  sample  and  the  surrounding 
environment  are  at  room  temperature,  so  that  T^=Ty=25°C.  Eq.  (18)  pre- 
dicts a temperature  rise  at  the  center  of  the  sample  of 


Qv 

Tc  - Tw  = — jr 
c w kfs 


cosh(eW) 


(2.6.4-21) 


Since  the  Incident  power  Is  assumed  In  this  model  to  be  uniformly  dis- 
tributed throughout  the(2.5cm  diameter  by  0.2  micron  th1ck)metal-hal1de 

-3 

film,  the  rate  of  heat  generation  Qv  Is  198  watts-cm  . If  we  assume 

emlsslvltles  of  e*  = 0.2  for  the  metal-halide  surface  and  = .05 for  the 
f o -3-1 

highly  reflective  glass  substrate  surface  then  ke  =7.5  W-cm  -°K  . Also, 

-4  -1  -1 

assuming  for  the  present  that  the  heat  conductivity  Is  k = 10  W-cm  -°K 

we  obtain  $W  = 342.  The  temperature  Increase  predicted  at  the 

center  of  the  sample  Is  then  about  26°c  for  the  steady-state  experiment. 

Transient  Temperature  Distribution: 

The  Initial  temperature  distribution  across  the  plate  Is  the  steady- 
state  distribution  given  by  Eq.  (17).  Assume  that  at  time  t=0  the  heat 
source  Is  suddenly  removed  so  that  Qy=0.  The  time-dependent  temperature 
distribution  then  must  satisfy 

1 I?  T^x*t)  e ^7  T(x.t)  - B2  [ T(x,t)  - TA  j , (2.6.4-22) 
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along  with  the  Initial  distribution  T(x,0)  and  the  boundary  conditions 
T(.W,t)  * T(-W,t)  - T^,  constant  for  all  time.  Upon  defining 

w(x,t)  = [T(x,t)  - Ta]  exp  (a82t)  , (2.6.4-23) 

the  differential  equation  simplifies  to  the  form 


hr  w(x,t)  = a w(x,t)  , 


(2.6.4-24) 


subject  to  the  Initial  condition 


w(x,0)  = T(x,0)  - Ta  (2.6.4-25) 

and  the  boundary  conditions 

w(W,t)  = w(-W,t)  = (Tw  - TA)  exp(a82t)  . (2.6.4-26) 

The  heat  diffusion  equation  (23)  Is  readily  solved  by  first  taking 
the  Laplace  transform  of  the  time  variable  to  obtain 


~ r *?(x,s)  - J S7(x,s)  = - Jw(x,0)  , 

3X 

subject  to  the  two  boundary  conditions 

w(W,s)  = w(-W,s)  = (T“  -V 
(s  - ap  ) 


(2.6.4-27) 


(2.6.4-28) 


Upon  performing  the  Inverse  Laplace  transformation,  then  multiply- 
o 

ing  through  by  exp(-a$  t),  we  obtain 


Qw  _ ■°l$  t p'll  1 1 

Kx.t)  -TA  = ^e  £ { T-hrr-? 

k(T  I (s-ctfT)  s 
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+ Tw  - TA 


j”2  + “7  6(t)  exP(-^2t)  • 


(2.6.4-30) 


In  order  to  evaluate  the  Inverse  Laplace  transformation  of  the  first  term, 
Heaviside's  method  of  partial  fractions  Is  employed  to  make  the  expansions 


coshlxJI 


cosh(W« 
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(-i)m  cosrTT(mfi/2)x/w; 
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(2.6.4-31) 


Cosh(xVa)  _ cosh(Bx) 


s-aB2]  cosh^Mjj 


cosh  (31 


cpsL^TH-'/jx/W]^ 
B2W^+Tr^(m+5^Z  ifs+airlm+'/i) 2/W2 


(2.6.4-32) 

with  simple  poles  at  s = 0 and  sm  * -an2(m+ii)2/W2  (m  = 0,  1,  2,  3,  . . .). 

The  Inverse  Laplace  transform  may  now  be  performed  for  each  term  In 
Eqs  (31)  and  (32).  The  method  Is  Illustrated  In  some  detail  for  Eq.  (32) 
only.  The  contour  of  Integration  In  the  complex  s plane,  shown  In  Figure  2.6-42, 
Is  closed  by  the  line  s = a + 1 Im(s)  where  a > <*e2  and  by  the  semicircle 
of  Infinite  radius  centered  at  s = a + 10.  Integrating  along  each  path, 
we  obtain 


/ ds  est  f(s)  * f ds  est  f(s)  . ,2. 

a_<®  m=0 


Cm  e 
n 

(2.6.4-33) 
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where  f(s)  Is  the  expression  on  the  left  side  of  Eq.  (32)  and  cm  and  sm 
are  the  summation  coefficients  and  simple  poles  In  the  series  on  the  right 
side  of  Eq.  (32).  The  terms  on  the  right  above  are  residues  of  the  simple 
poles  Inside  the  contour.  The  Integral  over  the  contour  at  Infinity  vanishes 
with  the  magnitude  of  f(s).  We  then  have 


a-i®  m = 0 


(2.6.4-34) 

The  Inverse  Laplace  transform  of  Eq.  (31)  is  evaluated  similarly,  with  the 
contour  closed  to  the  right  of  the  simple  pole  at  s = 0.  Upon  combining 
these  results,  the  temperature  distribution  Is  given  by 


T(x,t) 


_QV2 

TA F 

A ke^ 


m 


(-1  )mcos[ir(m+Vi)x/W] 

ir(m+'/4) 

1+  ff^(m+'/d^ 

+ <Tw  - TA> 


cosh (6x) 
cosh(eW) 


(2.6.4-35) 


Close  inspection  reveals  that  T(x,t)  does  reduce  to  the  appropriate  forms 
In  the  limits  that  t approaches  zero  and  Infinity. 

The  functional  form  of  T(x,t)  above  suggests  two  characteristic 
time  constants  for  the  decay  of  the  temperature  profile  In  the  thin  plate. 

One  of  these  time  constants,  defined  as 

_ 1 _ pcD 

aB^  (c^+ej))a4T^^  (2.6.4-36) 


Is  associated  with  heat  loss  by  radiation  from  the  surfaces.  The  other 
characteristic  decay  time  for  the  m'th  order  contribution  In  the  series 
Is  defined  as 


>)  - w2_ 

Cond  avZ(m^i)Z 


(m  = 0,  1,  2 . . .) 


(2.6.4-37) 
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This  decay  time  Is  associated  exclusively  with  heat  conduction  to  the 

p 

walls  at  x * W and  -W.  For  the  example  considered  earlier,  with  kg  -7.5 

W-cm“^-°K”\  k=10"^W-cm"^-°K"^ , W=1.25  cm,  and  assuming  a density  p=2. 5 gm 

-4  -1  -1  2 

and  a specific  heat  c=2xl0  Joules-gm  -°K  , then  a=0.2cm  /sec  and  the 
characteristic  decay  times  are  TRadB0.07  msec  and  Tcond~3* 17  sec.  It  is 
obvious  that  radiative  heat  transfer  will  dominate  the  transient  decay  of 
the  temperature  profile  because  of  the  large  surface  area  and  thinness 
of  the  sample.  , 


2.6.5  Two-dimensional,  radial  heat  conduction  In  a thin,  circular  plate 
with  a uniform  volumetric  heat  source,  radiative  surface  cooling, 
and  constant  temperature  around  the  circumference. 


The  thin  samples  used  in  our  thermal  imaging  experiments  are 
circular  films  with  a heat  sink  maintained  at  constant  temperature  T^ 
around  the  circumference  of  the  sample.  The  one-dlmenslonal  heat  con- 
duction problem  of  the  previous  section  provided  physical  insight  to  the 
heat  transfer  processes  Involved  In  the  evolution  of  the  temperature 
distribution.  However,  important  quantitative  differences  are  expected 
for  the  circular  samples,  so  that,  in  this  section,  we  analyze  this  more 
complicated  problem.  The  basic  difference  arises  from  the  fact  that  as 
heat  Is  conducted  radially  outward  from  the  center  of  the  circular  sample 
the  thermal  resistance  decreases  by  an  amount  proportional  to  the  radial 
distance  from  the  center.  This  occurs  because  of  the  Increase  in  cross- 


sectional  area  subtended  by  a constant  angle  as  the  radial  distance  from 
the  center  becomes  larger.  Because  of  this  geometric  Influence,  the  steady- 
state  temperature  distribution  Is  expected  to  exhibit  a lower  peak  tempera- 
ture and  be  more  sharply  peaked  at  the  center  of  the  sample.  Upon  removal 
of  the  heat  source,  the  combined  Influences  of  the  larger  temperature 
gradient  and  the  radially  Increasing  heat  conductance  should  cause  the 
temperature  distribution  to  decay  more  rapidly  than  for  the  one-dimensional 
case. 

Consider  the  sample  illustrated  In  Figure  2.6-43.  The  rate  at  which  heat 


Is  conducted  across  the  surface  of  the  Incremental  volume  at  radius  r is 


-k  rd(D  , 


(2. 6. 5.1) 


while  the  rate  at  which  heat  flows  outward  through  the  curved  surface  at 
r+dr  Is 

-k  -|pj  (r+dr)  d<t>  D . (2. 6. 5. 2) 

r+dr 

The  temperature  of  the  Isothermal  surface  at  r+dr  Is  expressed  by  the  Taylor 
series  expansion 


T(r+dr)  = T(r)  + dr  + . . . 


(2. 6. 5-3) 


The  net  rate  of  conduction  of  heat  Into  the  element  Is  then  given  by 
Eq.  (1)  minus  Eq.  (2),  or 


2 

QCond  ' k rdr  <*♦  0 * k If  dr  "♦  D 

<71 


(2. 6. 5-4) 


since  terms  proportional  to  (dr)^  may  be  neglected.  It  is  assumed  that 
there  Is  no  circulatory  heat  conduction  in  the  $ directions. 

Heat  Is  radiated  from  the  front  (z=+ D/2)  surface  to  the  surrounding 
blackbody  of  temperature  at  a rate 

q‘2  » «f  . [T(r)4  - Ta4]  r <4  dr  , (2.6.5-51 


and  from  the  back  surface  at  a rate 


^Rad  = eb  " 


Jt (r )4  - TA4]  r d*  dr 


(2. 6. 5-6) 


The  rate  at  which  heat  is  generated  by  the  uniform  volumetric  source 


Source  = QV  rd*  dr  D e(_t)< 


(2. 6. 5-7) 


The  net  rate  of  change  of  heat  within  the  volume  element  covered  by  these 
combined  processes  Is 


Q„et  = It  (pcT)  rd*  dr  D* 


12.6.5-8) 


The  dynamic  heat  balance  equation  for  the  elemental  volume  may  be  written 
In  the  following  form: 

<*  h T ■ fir  (r  If)  - <‘f+‘b>  f (T4  - ta4)  + Ov  (2-6-5-5) 

Equation  (9)  may  be  linearized  using  the  approximation 


T4  - V * < <T  * TA> 


(2.6.5-10) 


which  Is  valid  for  small  values  of  |T-TA|.  Upon  defining  the  parameter 
6 as  the  positive  square  root  of 

= (ef  + eb)  flT  V (2.6.5-11) 

and  using  the  definition  of  the  heat  dlffuslvlty  a,  given  by 

a=k/(pc)  (2.6.5-12) 

the  dynamic  heat  balance  equation  becomes 

jltT-7lr(r!F)-',i!<T-TA>tr  '2-6-5-'3> 

Solutions  to  Eq.  (13)  are  required  which  satisfy  the  boundary  condition 


T(R.t)  = Tr  , (2.6.5-14) 

where  TR  Is  constant  for  all  time,  and  the  initial  distribution  T(r,0)  at 
zero  time.  T(r,0),  In  turn.  Is  the  solution  for  the  steady-state  problem 
with  a uniform,  constant  volumetric  heat  source  Qy.  Assuming  this  heat 
source  was  applied  at  time  t = -<*>,  the  steady-state  temperature  distribution 
satisfies 


[T  - IA]  + 


Qv_ 

r " 


0 , 


(2.6.5-15) 


with  the  boundary  conditions  T(R)=TR  and  finite  temperature  over  the  entire 
plate.  The  steady-state  temperature  distribution  T(r,0)  which  satisfies 
Eq.  (15)  and  the  boundary  conditions  Is  given  by 


T(r,0)  - Ta  = 


Qv  \ I0(sr)  Qy 

T»'?)ywV  • 


(2.6.5-16) 


where  Is  the  modified  Bessel  function  of  the  first  kind  of  order  zero, 
o 

If  Tr=Ta  as  In  our  experiments,  then  T(r,0)  may  be  written  In  the  form 


Llm  T(r,0) 

Vta 


Qv 


I0(Br)  ' 

■yw 


(2.6.5-17) 
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(2.6.5-18) 


The  peak  temperature  Tc  at  the  center  of  the  sample,  given  by 


Urn 

VTR 


TrV 


'W 


is  directly  proportional  to  the  rate  of  heat  generation  Qv  by  the  volumetric 
source. 

It  Is  of  Interest  to  compare  the  steady-state  temperature  distribution 
T(r,0)  for  the  circular  plate  with  that  previously  obtained  for  one-dimensional 
heat  conduction  In  a thin  plate.  For  large  values  of  eR,  the  increase  in 
temperature  from  edge  to  center  Is  Qv/(ke  ) for  both  configurations.  The 
significant  difference  is  in  the  shape  of  the  temperature  distribution  curve, 
which  is  given  by  cosh(ex)  for  the  one-dimensional  problem  and  I 0(pr)  for  the 
radial-conduction  problem.  These  two  profiles  are  Illustrated  In  Figure  2.6-44 
for  the  case  where  T^=T^  and  TR=TA.  For  the  sake  of  making  quantitative 
comparison,  we  have  assumed  0W=bR=1  In  this  example.  As  anticipated,  the 
temperature  at  the  center  of  the  plate  Is  significantly  lower  for  the  two- 
dimensional,  radial  heat  flow  problem.  However,  the  two  temperature  profiles 
do  not  vary  much  in  shape.  The  distance  from  center  to  a temperature  Tc/2 
is  about  8x=3r  = 0.72  for  both  cases.  Therefore,  the  temperature  does  not 
drop  more  rapidly  toward  the  edge  of  the  plate  as  previously  anticipated  for 
the  radial  case,  at  least  not  for  this  choice  of  e. 

At  time  t=0,  the  heat  source  is  removed  from  the  sample.  The  tempera- 
ture distribution  T(r,t)  must  then  obey  the  equation 


l WT -fir  ('!?)-  A'-V-  (2-6-5-',) 

subject  to  the  Initial  distribution  T(r,0)  and  the  boundary  condition 
T(R,t)  = Tr  for  all  t.  Upon  making  a substitution  of  variables 

u(r,t)  s [T(r,t)  - Ta]  exp(aB2t)  (2.6.5-20) 

and  then  taking  the  Laplace  transform  of  Eq.  (19),  the  dynamic  heat  balance 
equation  becomes 

?If  rfF“<r.s>  -f«r<r.*)  - -;»(r,0|  . (2.6.5-21) 
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where  u(r,s)  =,£{u(r,t)}  and  u(r,0)  is  the  initial  distribution  T(r,0)-TA 
given  previously  for  the  steady-state  problem.  The  solution  to  Eq.  (21) 
which  satisfies  the  boundary  condition 


u(R.s)  = (Td  - T*)/(s  - cb‘) 


(2.6.5-22) 


is  given  by 


Qv  1 

u(r,s)  = — ^ 

M lolR 


(s-aB2) 


(2.6.5-23) 


TR  " TA  ' 73 


QV  1 U»r) 


ke  I I0(BR)  (s-aB  ) 


. QV  1 

+ 73  ? 


kB 


It  now  remains  to  obtain  the  Inverse  Laplace  transforms. 


T(r,t)  - T.  = exp(-aB2t)  & ^ 
A kB 


( ln(rJ ~) 

1 0 \ 1 a I 

1 1 

/ lARfi\ 

1 o\  Jet  f 

(S-aB2)  S 

> 

(2.6.5-24) 


Qv 

T"  ‘ T*  ' 17 


In(Br)  Qw  o 

+ exp(-aBZt)  , 
kB2 


Tjm  '73 


where  the  Inverse  Laplace  transform  indicated  in  the  first  term  Is  yet  to 
be  evaluated.  This  is  accomplished  by  first  expanding  the  two  terms. 


2 2 

recognizing  the  existance  of  simple  poles  at  s=aB  , s=-aam  /R»  anc*  s=0» 


where  am  is  the  m'th  root  of  JQ(a)  (m=l,  2,  3,  4 ). 


(s-a6‘>  I0(R  Vf 


I0(Sr) 


1 ZT"  12S 
m=o 


I0(1amr^R)'  1 


S+a  3m 

i -io!!y5 — x 


Sio(RVr  s 


m=tf  am  *1  ^am^  [s+aam2/R2] 
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(2.6.5-25) 

(2.6.5-26) 


The  inverse  Laplace  transformations  are  now  easily  evaluated  for  each  term 
in  the  series  above.  With  the  assistance  of  the  following  identities, 


I0'<5>  - 
1,(15)  = 

and  IQ(U)  = JQU), 


(2.6. 5-27a ) 
(2.6. 5-27b ) 
(2.6. 5-27c ) 


the  temperature  distribution  T(r,t)  may  be  written  in  the  form 

_ 2 


T(r,t)  - Ta  = -2-%  2 

A fco 


J0(amr/R^  exPl-apt 


1 + 
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T7 


1 m n 


1 + 


m 


7? 


(2.6.5-28) 


x I0(er) 

+ (TR  " V I (f?R)  * 


It  is  reassuring  to  note  that  this  result  reduces  to  the  correct  form  in 
the  limits  t=0  and  t=«,  and,  except  for  the  use  of  cylinder  functions, 
qualitatively  agrees  with  the  equivalent  result  obtained  previously  for  the 
one-dimensional  problem.  The  characteristic  times  for  decay  of  the  tempera- 
ture profile  are  defined  as 


= = pcD 

o?  (ef+£b)a4TA 


(2.6.5-29) 


for  radiative  cooling  and 


_(m) 

Cond 


(2.6.5-30) 


for  conduction  of  heat  to  the  boundary  at  r=R.  The  geometric  contribution 
due  to  cylindrical  syimetry  is  apparent  as  the  root  am  of  the  Bessel  func- 
tion replaces  Tr(m+*s)  in  the  one-dimensional  problem.  The  conduction  time 
constant  for  the  cylindrical  case  Is  smaller  than  T^d  for  the  one- 
dimensional  problem  by  a factor  of  [(ir/(2a^)]2  = 0.427.  Except  for  this 


r 


correction  factor,  numerical  results  for  the  example  discussed  at  the 
end  of  the  one-dimensional  analysis  remain  the  same. 


D 

0 

0 


2.6.6  Influence  of  Two-Layer  Structure  upon  Dynamic  Heat  Flow  Measurements 

The  samples  used  in  the  experiments  were  layered  structures,  circular 
in  cross  section,  consisting  of  two  types;  (a)  a 0.2u  thick  metal  halide 
film  on  a 200»  thick  borosilicate  glass  substrate,  and  (b)  a 0.2y  thick 
metal  halide  film  on  a 0.2y  thick  pellicle  of  N-type  parylene.  Each 
sample  was  supported  around  the  circumference  on  an  aluminum  ring  of 
inner  diameter  0.5  inches.  In  the  preceeding  analyses  the  sample  is 
assumed  to  be  a single,  uniform  film.  In  this  section  the  influence 
of  the  layered  structure  of  the  medium  is  examined.  Appropriate  modi- 
fications are  made  in  the  theory  by  introducing  changes  in  the  definitions 
of  thermal  parameters,  appropriately  weighting  material  properties  such  as 
thermal  conductivity  and  specific  heat  to  properly  account  for  the 
geometry  of  the  samples. 

The  geometry  of  the  samples  is  illustrated  in  cross-section  in 
Figure  2.6-45.  It  is  assumed  that  the  total  thickness  D-j  + D2  of  the 
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Figure  2.6-45.  Cross-section  of  samples  illustrating  layered  structure. 
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sample  Is  much  smaller  than  the  heat  conduction  or  diffusion  distance  for 
any  time  scale  of  Interest  In  the  experiments.  Therefore,  the  temperature  1i 
side  the  sample  Is  Independent  of  the  z coordinate  and  varies  only  In 
the  radial  direction,  as  previously.  This  assumption  must  be  re-examined 
closely  In  evaluating  the  experiments  on  200v>  thick  glass  substrates. 

The  net  rate  of  change  of  heat  within  a volume  element  at  position 
r in  cylindrical  coordinates  is 

Qnet  = plcl  fr  r d<1>  dr  D1  + P2C2  r d4>  dr  D2  . X2.6. 6-1 ) 

Heat  is  generated  by  absorption  of  laser  light  which  is  Incident  from  the 
substrate  side  of  the  sample.  If  the  illuminating  beam  Is  uniform  in 
cross-section  across  the  sample,  then  the  rate  at  which  heat  is  generated 
is  given  by 

^source  = !o  ^ ‘ exp  ("aD2^  r d<J>  dr*  (2. 6. 6-2) 

2 -1 
where  IQ  (watt/cm  ) is  the  incident  intensity  and  a (cm  ) is  the 

absorption  coefficient  of  the  metal  halide.  The  incident  intensity  IQ 

is  specified  just  inside  the  Pbl2  layer,  after  refelction  losses  at  the 

substrate- vacuum  and  Pblg-substrate  interfaces  and  standing  wave  effects 

in  the  substrate  have  been  accounted  for. 

The  rate  at  which  heat  is  radiated  from  each  surface  is 

QRad  = ef  ° Cm4  _ r <4  dr  (2. 6. 6-3) 

at  z = Dg  and 

QRad  = eb  ° £T(r)4  " Vi  r d*  dr  (2. 6. 6-4) 

at  z = , just  as  previously. 

Radial  conduction  of  heat  inside  the  sample  gives  a net  flow  of  heat 
into  the  element  of  volume  given  by 

-k,  |f  r d*  D]  - k2  |I  r d*  D2,  (2. 6. 6-5) 

while  the  rate  at  which  heat  is  conducted  outward  through  the  surface  at  r + 

-k,  ,r  , dr)  D]  . k2  ^l£_l  drl  (r  + dr)  „2. 

(2. 6. 6-6) 


IT 


dr  is 
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Upon  expanding  T(r+dr)  in  a Taylor  series  as  before,  the  net  rate  of  heat 
conduction  into  the  volume  element  is  found  to  be 


Icond  ■ <klDl  * W r d*  <"•  m * (klDl  * k2D2>  dr  d*  If  • (2-6-6-7) 


The  dynamic  heat  balance  equation  formed  from  these  contributions 
may  be  written  in  the  form 

< P1  ci D-|  + P2c2D2^  ft  = ^kl°l  + r 3r  Ir^  ^ef  + eb^  a4TA  ^T"TA ^ 

+ IQ  [1 -exp(-aD2)]  0(-t).  (2. 6. 6-8) 

For  the  two-layer  structure  we  may  defioe  average  values  k and  a for  the 
thermal  conductivity  and  diffusivity  as 


k = (k1D1  + k2D2)  / (D1  + D2) 
and 

_ (k1D1  + k2P2) 

(p-jC-jD-j  + P2c2^2  ^ 

The  rate  of  heat  generation  per  unit  volume  is  defined  as 


(2. 6. 6-9) 


(2.6.6-10) 


Qv=  I0  [l-exp(-aD2)]  / (D1  + D2), 


and  the  parameter  6 
(e-  + 


2 v-f  T Eb)  o4TA 
3 = (D]  + D2)  k 


is  defined  for  the  two  layer  structure  as 
3 


(2.6.6-11 ) 


(2.6.6-12) 


with  average  k defined  above.  The  dynamic  heat  balance  equation  may  then 
be  written  as 

i ft-  7 IF  <r  1F>  -«2<T-TA)  + \ <*-"■  <2'6'6-’3) 

This  is  precisely  the  same  form  which  was  solved  for  the  previous  one-layer 
problem,  with  a,  62,  k and  Qv  re defined  for  two  layers  and  exponential 
absorption. 

The  thermal  properties  of  the  substrate  materials  parylene  - N and 
borosilicate  glass  are  well  known,  and  the  thicknesses  of  each  layer  are 
determined  by  optical  transmission  measurements.  The  values  of  a and  6 
are  found  by  analyzing  the  experimental  data  by  computer  to  obtain  the 


260 


best  least-squared-deviation  fit  to  the  theoretical  temperature  distri- 
butions T(r,t).  The  emissivity  of  the  metal  halide  film  is  measured 
independently.  The  properties  a,  and  l<2  of  the  metal  halide  layer  are  then 
calculated  directly  from  a and  fT  of  the  two-layer  structure. 
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APPENDIX  A 


Pb^  Films  on  Nitrocellulose  Pellicles 
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Pb^  was  deposited  onto  six  nitrocellulose  pellicles  which  were 
supplied  by  Night  Vision  Laboratories.  The  nitrocellulose  pellicles 
were  less  than  450  & thick,  as  shown  by  the  optical  transmission  curves 
of  pellicle  No.  IV  in  Figure  A-l.  The  first  order  transmission  minimum 
occurs  at  a wavelength  smaller  than  2500  H,  indicating  that  the  product 
n(X)D  of  refractive  index  times  thickness  is  smaller  than  625  A.  Two 
of  the  nitrocellulose  pellicles,  designated  as  Samples  V and  VI,  had  a 
gold  black  absorption  coating  on  the  back  surfaces,  reportedly  1.0  opti- 
cal density  at  10  urn  wavelength.  All  the  pellicles  were  taut  when 
received.  They  were  stored  inside  a dessicator,  because  N.V.L.  reports 
they  sag  when  exposed  to  humidity  for  a long  period  of  time.  A few 
pinholes  were  noted  in  the  two  samples  which  had  the  gold  black  coatings. 
Also,  these  two  samples  sere  slightly  less  taut  than  the  others,  as  evi- 
denced by  large  vibration  amplitudes  of  the  membrane  during  handling. 

The  samples  had  been  mounted  on  3 cm  i.d.  aluminum  rings.  Our 
sample  holder  was  modified  to  accommodate  this  sample  size,  somewhat 
larger  than  our  previous  samples.  The  following  labeling  system  is  used 
to  identify  individual  samples  after  the  Pbl2  depositions:  Month-day- 
deposition  run  order  for  that  day  - substrate  label.  For  example. 

Sample  No.  1005AI  indicates  a Pbl2  deposition  made  on  October  5,  run 
number  A or  the  first  run  of  the  day,  onto  nitrocellulose  substrate  I. 

Previous  experience  in  depositing  Pbl2  onto  parylene  indicates  the 
optimum  procedure  should  be  a slow  growth  rate  at  the  highest  substrate 
temperature  possible  to  obtain  oriented  polycrystalline  Pb^  films. 

N.V.L.  reports  that  nitrocellulose  pellicles  are  stable  to  about  110°C, 
and  have  survived  as  high  a temperature  as  120°C.  Our  first  Pbl2  deposi- 
tion was  attempted  with  a substrate  temperature  of  90°C.  The  coated 
pellicles  sagged,  as  shown  in  the  photograph  of  Figure  A-2.  For  lower 
substrate  temperatures,  the  samples  still  sagged,  although  less  severely. 
The  thermocouple  in  the  substrate  holder  did  not  register  a temperature 
increase  during  the  deposition  at  25°C. 


Figure  A-l.  Transmission  of  Nitrocellulose  Pellicle  No.  IV  from  900  nm  to  200  nm 
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The  Pblg  films  are  visually  transparent,  with  thicknesses  about 
0.2y . Thickness  measurements  were  made,  using  a Sloan  Decktak,  on  three 
glass  substrates  which  were  exposed  to  the  Pbl2  source  simultaneously  with 
each  nitrocellulose  sample. 

Nitrocellulose  pellicle  IV  was  punctured  during  handling  before  the 
Pbl2  deposition,  and  pellicle  V burst  after  the  Pbl2  deposition  during 
cooling.  The  very  fact  that  Sample  IV  survived  a Pbl2  deposition  at  110°C 
without  tearing  further,  is  remarkable  In  view  of  our  previous  experience 
with  parylene-N. 

The  deposition  rate,  substrate  temperature,  and  pressure  during  each 
deposition  are  listed  in  Table  A-l,  along  with  the  Pbl2  thickness  indi- 
cated by  the  profilometer  measurements.  Sample  1011AIV  is  markedly 
different  from  the  other  samples  in  appearance,  exhibiting  a duller  surface 
finish  with  an  "orange  peel"  type  of  roughness.  This  difference  is  further 
a,  ;a rent  in  the  optical  transmission  curves  shown  in  Figure  A-3  for  sample 
1006AIII  and  Figure  A-4  for  sample  1011AIV.  Sample  1011AIV  exhibits  greater 
loss,  caused  by  absorption,  scattering,  or  both  absorption  and  scattering 
at  wavelengths  much  longer  than  absorption  edge  values.  The  deposition  rate 
may  have  been  too  fast  to  form  a well  ordered,  polycrystalline  film  for  this 
sample.  However,  further  experiments  are  required  to  determine  the  optimum 
balance  needed  between  deposition  rate  and  substrate  temperature  to  con- 
sistently produce  Pbl2  films  of  good  optical  quality  on  nitrocellulose. 


TABLE  A-l 


Deposition  parameters  and  thickness  of  Pbl2  films  on  nitrocellulose 
pellicles. 


SAMPLE  NO. 

THICKNESS 

K 

AVERAGE  Pbl2 
GROWTH  RATE 

A PER  MINUTE 

SUBSTRATE 

TEMPERATURE 

°C 

PRESSURE 

torr 

1005  A I 

2100 

42 

90 

4xl0'7 

1005  B II 

2000 

47 

50 

4x1  O'6 

1006  A III 

2100 

60 

24 

2x1  O’8 

1011  A IV 

2000 

111 

110 

4x1 0"8 

1009  A V* 

2000 

67 

24 

3x1 0-8 

1010  A VI* 

2100 

83 

24 

2x1 0"8 

* Sample  had  a gold  black  coating  on  the  back  surface. 
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FIGURE  A-3.  Optical  Transmission  of  Pbl2  on  Nitrocellulose 
Sample  1006AIII  at  25°C. 
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